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INVESTIGATION OF HYDROTEST FAILU-SE OF THlOKOL CHEMICAL 

CORPORATION 260-INCH-DIAMETER SL-1 MOTOR CASE 

by John E. Srawley and Jack B. Esgar i n  Collaboration with t h e  
260-SL-1 Hydrotest Fa i lure  Invest igat ing Committee 

L e w i s  Research Center 

SUMMARY 

The Thiokol Chemical Corporation 260-inch-diameter SL-1 motor case f a i l e d  
during hydrotest  a t  a pressure of 542 pounds per square inch, which w a s  about 
56 percent of proof pressure. The motor case w a s  constructed of 250 grade 
maraging steel  p l a t e  joined mostly by submerged a r c  automatic welding. An i n -  
ves t iga t ion  of t he  f a i l u r e  was conducted b y  a Committee composed of members 
from Industry and Government. Invest igat ion showed t h a t  t h e  f a i l u r e  or iginated 
from a defec t  t h a t  w a s  not detected by nondestructive t e s t i n g  techniques p r io r  
t o  aging. 
t e s t .  The defec t  causing the  f a i l u r e  was i n  t h e  heat-affected zone of a longi- 
t ud ina l  submerged arc  weld on t h e  cy l indr ica l  sec t ion  of t h e  motor case. The 
area where t h e  defec t  w a s  located had been repaired by a manual gas-tungsten- 
a rc  ( T I G )  weld. The defect ,  which was submerged within t h e  vesse l  w a l l  and 
or iented longi tudinal ly ,  w a s  approximately 1.4 inches long and had a width of 
about 0.10 inch. Four other  undetected defects of s ign i f i can t  s i z e  were d is -  
covered a f t e r  t h e  motor case f a i lu re .  All of these  defects  were a l s o  located 
beneath manual T I G  weld repa i rs .  One of these defects ,  which w a s  i n  t h e  same 
longi tudina l  weld as t h e  defec t  causing the motor case failure, w a s  involved i n  
the  f r ac tu re  as 2 secmdary or igin.  The other defec ts  were discovered during 
reinspect ion of a l l  welds by nondestructive t e s t i n g  techniques after hydro- 
burs t .  

Nondestructive t e s t i n g  was not conducted between aging and hydro- 

Although the deta i led  mechanism of  t h e  formztion of these defec ts  has not  
been establ ished,  it i s  reasonably ce r t a in  t h a t  t h e i r  formation w a s  a conse- 
quence of t h e  T I G  weld r epa i r s  t o  t h e  or ig ina l  welds. 

The f r a c t u r e  toughness of t h e  submerged a r c  welds w a s  inadequate t o  t o l e r -  
a t e  crack-like defects  as l a rge  as those tha t  occurred i n  the  motor case. It 
had been bel ieved t h a t  much smaller defects  could be detected with high re l i -  
a b i l i t y  by t h e  nondestructive inspection procedures t h a t  were used. 
t u r e  toughness would have been su f f i c i en t  i f  no defec ts  had been present  l a r g e r  
than what had been considered t o  be  t h e  detectable  s ize .  

The f r ac -  

A s  part of t h e  failure invest igat ion,  a l imi ted  tes t  program w a s  conducted 
t o  determine t h e  s e n s i t i v i t y  of radiographic and u l t rasonic  procedures f o r  de- 
t e c t i n g  t i g h t  f a t igue  cracks i n  f la t  p l a t e  specimens. It was found t h a t  these  
nondestructive t e s t i n g  methods were much less  s e n s i t i v e  and r e l i a b l e  than ex- 
pected. It i s  concluded t h a t  much more research is  required on nondestructive 
t e s t i n g  techniques f o r  detect ion of small defects i n  th i ck  pressure vesse l  
walls before  materials and veld procedures having t h e  toughness found i n  t h e  
Thiokol motor case can be successful ly  u t i l i zed .  



INTROWCTION 

In  t h e  course of a program t o  demonstrate t h e  f e a s i b i l i t y  of 260-inch- 
diameter sol id-rocket  motors by Thiokol Chemical Corporation, a shor t - length  
case f a i l e d  during hydrotest .  An i nves t iga t ion  of t h e  f a i l u r e  w a s  conducted by 
a Committee composed of t echn ica l  representa t ives  from Government and Industry.  
The findings of t h i s  Committee are reported herein.  

The l a rge  sol id-propel lant  rocket-motor program w a s  i n i t i a t e d  i n  1963. 
Thiokol Chemical Corporation and the  Aerojet-General Corporation were se lec ted  
by t h e  U. S. A i r  Force t o  demonstrate t h e  f e a s i b i l i t y  of 260-inch-diameter 
sol id-propel lant  rocket  motors. 
Ju ly  1, 1964 and assumed t echn ica l  management March 1, 1965. Both Thiokol and 
Aerojet-General were under cont rac t  t o  b u i l d  and t e s t  two motor cases of f u l l  
diameter b u t  only one-half t h e  length required f o r  t h e  reference motor, which 
w i l l  produce 6 mil l ion pounds of t h r u s t  f o r  2 minutes. The two short- length 
motors scheduled t o  be b u i l t  and t e s t e d  by  Thiokol were designated 260-SL-1 
and 260-SL-2, and they were designed t o  produce 3 mi l l ion  pounds of t h r u s t  f o r  
2 minutes. 

NASA took over funding of t he  program on 

During hydrotest  of t he  Thiokol 260-SL-1 motor case on Apr i l  11, 1965, t h e  
case f a i l e d  a t  an i n t e r n a l  pressure of 542 pounds per square inch, which w a s  
about 56 percent of proof pressure.  A fa i lure  inves t iga t ing  committee w a s  
formed t o  determine t h e  cause of t he  failure and remedial ac t ions  t h a t  w i l l  
prevent s imi l a r  f a i l u r e s  i n  o ther  rocket  motor cases. The f i r s t  meeting of 
t h i s  Committee w a s  held on Apr i l  26 and 27, 1965, a f te r  the  f a i l e d  motor case 
had been removed from the  hydrotest  tower, l a i d  out i n  a protected a rea  f o r  i n -  
spection, and a preliminary inspect ion and mapping of t h e  f r a c t u r e  paths had 
been performed by M r .  J. A. Kies from the  U. S. Naval Research Laboratory and 
Mr. J. E. Srawley from the  NASA L e w i s  Research Center. Although t h e  inves t iga-  
t i o n  was not  complete a t  t h a t  time, the  o r ig in  and probable cause of t he  f a i l -  
ure were determined. 
1965 l i s t i n g  the  preliminary f indings of t h e  Committee. The inves t iga t ion  then 
continued with emphasis on a de ta i l ed  metallographic s tudy of t he  f a i l u r e  
pieces  in  t h e  region of t he  f r ac tu re  o r ig ins  and reinspect ion of most of t h e  
welds i n  t h e  f a i l e d  motor case t o  determine i f  previously undetected de fec t s  
could be found. The metallographic inves t iga t ion  w a s  conducted by  the  United 
S t a t e s  S tee l  Corporation, Applied Research Laboratories. Their r epor t  on t h e  
metallographic invest igat ion,  authored by A. J. Baker, A. J. Birkle ,  P. S. 
Trozzo, and R. P. Wei, i s  included as appendix A. Reinspection of motor case 
welds was conducted by  t h e  Newport News Shipbuilding and Dry Dock Company and 
t h e  U. S. Naval Research Laboratory. 

A preliminary r epor t  fo r  NASA use w a s  i ssued on May 7, 

I n  addi t ion  t o  the  regular committee members, s eve ra l  consul tants  with re- 
l a t e d  experience i n  la rge ,  s o l i d  motor case problems were inv i ted  t o  inspec t  
t h e  case f a i l u r e  and provide comments t o  t h e  Committee. The f i n a l  f ind ings  of 
t he  Committee on t h e  causes and f a c t o r s  r e l a t i n g  t o  t h e  motor case f a i l u r e  are 
presented i n  t h i s  report .  
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MOTOR CASE CONSmCTION 

Design and Fabrication 

The Thiokol cases were designed by t h e  Space Booster Division of Thiokol 
Chemical Corporation and manufactured b y  t h e  Newport News  Shipbuilding and D r y  
Dock Company. The material spec i f ied  i n  the USAF request f o r  proposal w a s  
maraging s teel  (18 Ni-Co-Mo-Ti). Thiokol selected the  250 grade air-melted 
maraging steel. The t e r m  250 grade refers t o  a nominal y ie ld  s t rength  of 
250 OOO pounds per  square inch ( p s i )  f o r  the material. The case design w a s  
based on a p l a t e  y i e ld  s t rength  of 230 OOO ps i  and a weld e f f i c i ency  of 90 per- 
cent  f o r  a design s t rength  i n  t h e  welds of 207 000 psi.  Using a f a c t o r  of 
s a fe ty  of 1.3 f o r  t he  welds resu l ted  i n  a nominal p l a t e  thickness of 0.730 inch 
i n  t h e  c y l i n d r i c a l  sect ion and 0.477 inch i n  the hemispherical domes. 
weld area, a mismatch of 10 percent of t he  thickness w a s  allowed, bu t  it w a s  
no t  t o  exceed 0.060 inch. 
match i n  a longi tudina l  weld results i n  an e l a s t i c  stress magnification f a c t o r  
of 1.25. 

I n  t h e  

The eccen t r i c i ty  of membrane forces  from t h i s  m i s -  

The case f ab r i ca t ion  procedure consisted of t he  buildup of three subas- 
semblies, as shown i n  figure 1. 
closure,  a f t  Y-ring, a f t  s k i r t ,  and one cy l ind r i ca l  section. The closure,  
s k i r t ,  and cyl inder  were welded t o  the  Y-ring. 
s i s t e d  of two cy l ind r i ca l  sections.  
for-ward dome, forward Y-ring, forward s k i r t ,  and one cy l ind r i ca l  sect ion.  

The a f t  subassembly consisted of t h e  a f t  

The center  subassembly con- 
The forward subassembly consis ted of the  

A l l  welds i n  t h e  cgiiiider a d  t he  Sozes vere zccm7lished b y  using the 
submerged a rc  process (here inaf te r  cal led subarc). The Y-rings were b u i l t  up 
from four c i rcumferent ia l  segments. The four longi tudinal  welds used t o  j o i n  
t h e  Y-ring segments were accomplished b y  using t h e  v e r t i c a l  submerged a r c  pro- 

cess. This process w a s  used because of t h e  thickness of t h e  p a r t  1- in.  a t  

t h e  t i m e  of welding. The forward and a f t  s k i r t s  were welded t o  t h e  respect ive 
Y-rings by using t h e  multipass gas-t.agsten-arc (TLG) prcrcess because the  geo- 
metr ical  configuration permitted the  weld t o  be deposited only along the  out- 
s ide  circumference. 

G ) 

The three subassemblies of t he  motor case were aged separately a t  835O F 
f o r  4 hours. 
welds b y  using t h e  two-pass subarc welding procedure. These welds were then 
l o c a l l y  aged with t h e  same heat-treatment schedule as used f o r  t h e  subassem- 
blies ' .  

The subassemblies were then joined t o  form the  case by g i r t h  

Several  weld repairs were made during motor case construction. The weld 
r epa i r s  were a l l  made by manual TIG welding, and they were made before  aging. 
The welding records f o r  t he  motor case showed t h e  t o t a l  weld length  t o  be ap- 
proximately 975 fee t .  Weld r epa i r s  were contained i n  200 f e e t  of t h i s  t o t a l  
length. 
length of weld r epa i r s  made during t h e  construction w a s  approximately 330 fee t .  

I n  some cases, t h e  weld r epa i r s  had t o  be re-repaired.  The t o t a l  

3 



Nondestructive Test ing 

Nondestructive t e s t i n g  and inspect ion were genera l ly  ca r r i ed  out during 
the  fabr ica t ion  by  four methods: (1) v i sua l ,  ( 2 )  l i q u i d  penetrant  (E), 
(3) ul t rasonic  (UT), and (4) radiographic (RT) .  A very l imi t ed  amount of mag- 
n e t i c  p a r t i c l e  (MT) inspect ion w a s  a l s o  used f o r  one weld j o i n t .  A b r i e f  des- 
c r ip t ion  of  t h e  equipment and procedures used i s  given i n  t h i s  sect ion.  A f t e r  
t h e  motor case f a i l u r e ,  p l a t e  specimens containing f a t i g u e  cracks were pre- 
pared f o r  evaluat ion of t h e  s e n s i t i v i t y  of t h e  nondestructive t e s t i n g  methods 
(NDT),  as discussed i n  the  sec t ion  Nondestructive Test ing S e n s i t i v i t y  Evalua- 
t i on .  

Liquid penetrant  (PT). - The Type I1 (nonfluorescent) penetrant  mater ia l s ,  
produced by t h e  Magnaflux Corporation, f o r  inspect ion a r e  as follows: 

Spot Check - Cleaner - SKC-NF 

Spot Check - Penetrant - SKL-HF 
Spot Check - Developer - SKD-NF 

The procedure used ca l l ed  f o r  cleaning t h e  surface with SKC-NF, drying with 
clean cloths ,  then wet t ing t h e  surface f o r  a t  least  15 minutes with penetrant.  
Not more than 20 minutes a f t e r  penetrant  appl ica t ion  (unless  t h e  penetrant  was 
kept  wet) t h e  excess w a s  wiped off  and the  penetrant  f i l m  w a s  removed with 
SKC-NF dampened c lo ths  or  absorbent paper. Developer w a s  appl ied within 
10 minutes by spraying or  brushing if necessary. 
sooner than 7 nor l a t e r  than 30 minutes a f t e r  t h e  developer had dr ied.  

Inspect ion w a s  t o  be made not  

The inspect ion r e j e c t i o n  c r i t e r i a  var ied somewhat during t h e  time fabr ica-  
t i o n  was i n  process. Generally, rounded indica t ions  up t o  0.070 inch i n  diam- 
e ter  were acceptable i n  p l a t e ,  and rounded indica t ions  0.045 inch i n  diameter 
were accepted i n  t h e  welds and adjacent  areas 6 inches on e i t h e r  s ide  of t he  
welds. Linear ind ica t ions ,  regardless  of s i z e  or  o r i en ta t ion  and l i n e a r l y  d i s -  
posed rounded indica t ions  were cause f o r  r e j e c t i o n  i n  a l l  cases. 

When defec ts  were found by any of t h e  NDT methods, t h e  area w a s  excavated 
by grinding f o r  weld repa i r .  
welding. 

These excavations were PT inspected p r i o r  t o  

Radiography (RT). - Each weld w a s  radiographical ly  inspected over 100 per- 
cent of i t s  length.  The radiographic technique was based on m i l i t a r y  s p e c i f i -  
ca t ion  MIL-STD-453 with some modifications.  The radiographic q u a l i t y  l e v e l  w a s  
2-2T, which ind ica tes  t h a t  a penetrameter whose thickness  T i s  no grea te r  
than 2 percent of t h e  welded j o i n t  thickness  s h a l l  be v i s i b l e  i n  the  radio-  
graph. 
diameter equal t o  twice the  thickness  of t h e  penetrameter s h a l l  be v i s i b l e .  

It a l s o  ind ica tes  t h a t  a hole d r i l l e d  through t h e  penetrameter with a 

A l l  production exposures were made with X-ray equipment of t h e  T r i p l e t t  
and Barton portable  275 or  300 maximum KVP - 10 maximum milliampere type. Some 
of t h e  ear ly  exposures were made by using a 57-inch t a r g e t  t o  f i l m  d is tance,  
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b u t  most exposures were made a t  a 36-inch distance t o  reduce fog and exposure 
. times. Standard Kodak Type M f i l m  w a s  used with 0.005-inch lead f r o n t  screens 

and 0.010-inch lead back screens, except f o r  thick sect ions such as the  Y-ring 
welds, where Type AA f i l m  was used. Film was used i n  cas se t t e s  u n t i l  about 
January 22, 1965. 
i n t e rp re t a t ion  time and v i r t u a l l y  eliminated a r t i f a c t s .  Cassettes were used 
f o r  about 65 percent of the t o t a l  exposures taken during fabr ica t ion .  The ac- 
ceptance c r i t e r i a  f o r  welds w a s  as  outl ined in Standard I of MIL-R-11468 ORD 
dated September 24, 1951. 

After  t h a t  time Kodak "Ready Pack" was used because it saved 

Ultrasonic  (UT). - Two UT inspection procedures w e r e  developed; one f o r  
p l a t e s  and forgings,  and one f o r  welds. 
inspect ion f o r  thickness,  compressional wave (through thickness) f o r  laminar 
or iented defects ,  and shear wave i n  longi tudinal  and t ransverse d i rec t ions  f o r  
nonlaminar defects .  
wave (through thickness)  and shear wave i n  transverse and longi tudinal  d i rec-  
t ions .  

The p la t e  inspection procedure covered 

The weld inspection procedure ca l led  f o r  compressional 

Cal ibrat ions and re jec tab le  f l a w  sizes for inspection of p la tes  w e r e  
changed severa l  times during motor case fabricat ion.  The f i n a l  c r i t e r i a  f o r  
r e j ec t ion  are discussed i n  the  following paragraphs. 

P l a t e  and forging inspection procedure: The equipment used w a s  Branson 
Sonoray models 5, 50, or  51 f o r  soundness tes t ing ,  and model 1 4  Vidigage f o r  
thickness t e s t ing .  The transducer frequency used for  near ly  a l l  the  t e s t i n g  
w a s  2.25 or  4.0 megacycles. Or, sccasions, hovever, o t h r  frequencies and/or 
dual  t rmsducc r s  vere us& ts  i q r n v e  sensitivtty. Rejectable defect  signals 
w e r e  determined from ca l ibra t ion  p l a t e s  with machined notches or flat-bottomed 
holes f o r  use as standards. The following standards were s e t  up: 

Thickness : 

Equipment ca l ibra ted  from p la t e s  with thickness predetermined by 
micrometers. Czlibration vas checked before, during, and a f t e r  t e s t s  on 
each p la te .  

Compressional wave: 

For pla tes ,  s igna l  s i z e  was cal ibrated f o r  a 1/8-inch-diameter f la t -  
bottom hole  halfway through the  p l a t e  thickness. When the  s igna l  ampli- 
tude exceeded t h a t  obtained from a 1/8-inch-diameter flat-bottomed C a l i -  

b r a t ion  hole,  t h e  f l a w  w a s  fu r the r  examined t o  determine i ts  area. The 
p l a t e  w a s  re jec ted  if t h e  discont inui ty  equalled or exceeded 0.11 square 
inch. 

For forgings and po ten t i a l  heat-affected zones (HAZ), ca l ibra t ions  
were made by using 5/64-inch-diameter flat-bottomed holes a t  various 
depths t o  obtain a distance-amplitude l ine  on the  oscil loscope screen. 
Signals t h a t  exceeded t h i s  distance-amplitude l i n e  were a bas i s  f o r  r e -  
j e c t i on. 
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Shear wave: 

Signal  s i z e  w a s  c a l ib ra t ed  f o r  a machined notch 1/32-inch deep and 
1/4-inch long (or equivalent  area). Signals exceeding t h a t  f o r  t h e  C a l i -  

b ra t ion  notch, f o r  equivalent dis tances  t o  t h e  defec t  and t h e  ca l ib ra t ion  
notch, were a. basis f o r  re jec t ion .  

Weld inspect ion procedure: The equipment used w a s  Branson Sonoray models 
5, 50, and 51. The transducer frequency was 2 .25  megacycles f o r  a l l  t h e  shear 
wave t e s t ing  and was 4.0 megacycles (dua l  t ransducer)  f o r  compressional wave 
tes t ing .  On occasions it w a s  necessary t o  u t i l i z e  other frequencies t o  improve 
sens i t i v i ty .  The standards f o r  t h e  r e j ec t ab le  defec t  s i z e s  were as follows: 

Compressional wave: 

Cal ibrat ions were made f o r  5/64-inch-diameter f lat-bottomed holes a t  
various depths t o  obtain a distance-amplitude l i n e  on the  screen. Signals 
exceeding t h i s  l i n e  were a b a s i s  f o r  r e j e c t i o n  and r epa i r .  

Shear wave: 

For longi tudina l  defects  ( r e l a t i v e  t o  weld d i r ec t ion )  t he  r e j e c t i o n  
ca l ibra t ion  standard w a s  a machined c i r c u l a r  segment notch 1/32-inch deep 
and 1/4-inch long. 

For t ransverse defec ts  ( r e l a t i v e  t o  weld d i r ec t ion )  t h e  r e j e c t i o n  
ca l ibra t ion  standard w a s  a machined c i r c u l a r  segment notch 1/64-inch deep 
and 1/4-inch long. 

Magnetic p a r t i c l e  (MT) .  - Inspect ion by the  MT technique w a s  not  used as a 
rout ine procedure f o r  the 260-inch-diameter motor cases. A s  discussed i n  t h e  
sect ion Reinspection of Weld Areas After  Hydrotest Fa i lure ,  MT w a s  no t  con- 
s idered t o  be a general ly  r e l i a b l e  N M '  technique f o r  welded maraging s t e e l .  It 
w a s  u t i l i z e d  only i n  a l imited way f o r  spec ia l  cases where the  other  techniques 
were not applicable.  For example, a spec ia l  technique w a s  employed on t h e  c i r -  
cumferential weld i n  t h e  center  of the  assembled motor case t o  provide a sur-  
vey of in te rmi t ten t  cen ter l ine  surface cracking f i r s t  indicated by PT. I n  t h i s  
instance, FT w a s  no t  f u l l y  r e l i a b l e  because cracking w a s  p a r t l y  subsurface, and 
the  shallow, t i g h t  nature of t h e  cracks prevented UT and RT from being success- 
fu l .  The magnetic f i e l d  f o r  t he  MT inspect ion w a s  provided by s t rong permanent 
magnets with t h e i r  poles contact ing t h e  opposite s ides  of t he  weld jo in t .  

Repair Procedures 

A l l  t h e  nondestructive t e s t i n g  (except f o r  acceptance t e s t s  of parent m a -  
t e r i a l  p r ior  t o  f ab r i ca t ion )  was conducted a f t e r  welding, b u t  before  aging. 
defec ts  were found by any of t h e  th ree  methods (RT, FT, or UT) the  defect ive 
material was removed by  grinding, and t h e  weld w a s  repaired by the  TIG method. 
The repaired a rea  w a s  reinspected by a l l  t h ree  methods, and t h e  process was 
continued u n t i l  t he re  w a s  no f u r t h e r  evidence of defects .  During excavation of 

If 
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t h e  3efec t  p r i o r  t o  r epa i r  welding FT w a s  used t o  determine t h e  amount of ex- 
cavation required. 

Past  experience by Newport News Shipbuilding and Dry Dock Company had in-  
dicated t h a t  aging of t he  welds should not introduce new defects .  
a j o i n t  decis ion was made by Newport News Shipbuilding and Dry Dock Company 
and Thiokol Chemical Corporation on January 13, 1965 t h a t  nondestructive t e s t -  
ing would not be repeated after aging of t h e  welds. This decision received 
U. S. A i r  Force concurrence. 

A s  a r e s u l t ,  

HYDROTEST PROCEDURE 

The completed rocket motor case w a s  readied f o r  hydrotest  by bo l t ing  on a 
nozzle adapter manufactured b y  t h e  Rohr Corporation and a hydrotest  nozzle cone 
manufactured by Newport News Shipbuilding and Dry Dock Company. These compo- 
nents a r e  indicated i n  f igure  1. The case was supported i n  a hydrotest  tower 
by bo l t ing  t h e  forward s k i r t  t o  t h e  forward l i f t i n g  r ing,  which, i n  turn,  was 
bol ted t o  t h e  base pedestal  of t he  hydrotest  tower ( f i g .  2 ) .  A p i s ton  attached 
t o  t he  hydrotest  tower sealed the  case as a pressure vesse l  and provided t h r u s t  
loads on t h e  forward s k i r t .  Case growth during pressurizat ion w a s  accommodated 
by movement of t h e  case i n  the  longi tudinal  d i rec t ion  r e l a t i v e  t o  the  piston. 

Twenty-four accelerometers were located on t h e  case i n  t h e  locat ions shown 
i n  f igu re  3 t o  detect, strpss waves generated during hydrotest .  Procedures f o r  
i n t e rp re t ing  tile output of silch acce leramters  =e 3ei.g si;Ltdied a d  are not  
compietely &wlop& a t  t h i s  tiice. Appz~dix B descrtbes the  use of accelernm- 
e t e r s  f o r  determining stress-wave origins.  The output of the  accelerometers 
was t o  be f u l l y  analyzed after t h e  t e s t .  

S t r a i n  gages were located on both the inside and outside surfaces  of the  
case. Certain areas  of t h e  case were expected t o  experience r e l a t i v e l y  high 
s t r e s s  because of p la te - th in  spots and out-of-contour areas  near welds. These 
areas were s t r a i n  gzge3. The out-of -contmr  areas  were of pa r t i cu la r  concern 
because of t he  d i f f i c u l t y  i n  s t r e s s  analyzing these  areas.  The s t r a i n  gages 
i n  these c r i t i c a l  areas  were monitored d u r i n g  t h e  t e s t .  The t e s t  ;ras t o  be 
aborted if  stress l eve l s  s i g n i f i c a n t l y  exceeded ana ly t i c  predictions.  

The case w a s  f i l l e d  with water on Saturday, Apr i l  10, 1965. The water was 
inhib i ted  by the addi t ion of 0.73 pound of sodium dichromate i n  each 1000 gal-  
lons of water. I n  addi t ion,  caus t ic  soda was introduced i n  s u f f i c i e n t  amounts 
t o  achieve pH neut ra l i ty .  
f i l l i n g  t o  give a temperature of approximately 62O F. 
water w a s  introduced i n t o  t h e  case through the forward closure (bottom of case 
during hydrotest) .  Fluid w a s  b led f r o m t h e  case top, through a bleed l i n e  i n  
t h e  f ixed pis ton,  i n i t i a l l y  and a f t e r  each depressurization i n  order t o  ensure 
t h a t  t h e  case was e n t i r e l y  f i l l e d  with l iquid.  

The water was heated by addi t ion of steam during 
The inh ib i ted  and heated 

The maximum hydrotest  pressure planned was 960 ps i ,  10 percent above t h e  
maximum expected operating pressure of the  motor. The ac tua l  pressure-time 
h i s t o r y  f o r  t h e  case i s  shown i n  f igu re  4. The 300-psi pressurizat ion on 
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Apr i l  10 permitted instrumentation a.nd pressur iza t ion  system checkout. The 
35o-psi p ressur iza t ion  on Apr i l  11 ver i f i ed  the  s t a t u s  of t h e  instrumentation. 
W i n g  the  f i n a l  p ressur iza t ion  the re  were 5-minute holds a t  300 t o  500 p s i  i n  
order t o  record s t r a i n  gage readings. 

* 

During hydrotest ,  t he  accelerometer system mounted on t h e  motor case ind i -  
cated eight  s t r e s s  waves, including the  wave t h a t  occurred a t  fa i lure .  The 
predicted or ig ins  and the  pressures a t  s t r e s s  wave i n i t i a t i o n  a r e  a l s o  shown i n  
f igure  3. 'The f i r s t  s t r e s s  wave occurred a t  a pressure of 242 ps i .  Previous 
experience i n  using a stress-wave de tec t ion  system on hydrotest  of motor cases  
has shown similar s t ress  wave i n i t i a t i o n s  i n  a reas  not  r e l a t e d  t o  f i n a l  f a i l -  
ure. Three of the  s t r e s s  wave o r ig ins  were i n  t h e  region of t h e  lower s k i r t  
where the motor case was bol ted  t o  t h e  hydrotest  t h r u s t  stand. It i s  probable 
t h a t  some of these  s t r e s s  waves r e su l t ed  from movement a t  t h e  b o l t  holes .  

As t h e  pressure w a s  increased t o  542 p s i  another stress wave w a s  detected.  
A t  t h e  same time a loud r epor t  w a s  heard from the  d i r ec t ion  of t he  hydrotest  
tower. Visual inspection revealed t h e  case t o  have f a i l e d  ca tas t rophica l ly .  
P r io r  t o  f a i l u r e ,  two stress waves had or iginated i n  t h e  general  area of t h e  
f rac ture  i n i t i a t i o n  locat ion.  A t  t h e  present  s tage  of development of t h e  
stress-wave de tec t ion  system, however, it i s  not possible  t o  determine the  po- 
s i t i o n s  of these or ig ins  while t he  t e s t  i s  underway. The da ta  are recorded 
during the hydrotest  and played back l a t e r  t o  determine s t ress  wave a r r i v a l  se -  
quences a t  each accelerometer. These data a re  then f ed  i n t o  a computer t o  de- 
termine t h e  o r ig in  loca t ions  by t r iangula t ion .  

FAILURE INVESTIGATION 

On f a i l u r e  a t  a gage pressure of 542 ps i ,  t h e  motor case had sha t t e red  
i n t o  several  l a rge  pieces and many smaller ones t h a t  f e l l  i n t o  a precarious,  
interlocked p i l e  within the  t e s t  tower. Several  days were required t o  remove 
t h e  pieces t o  a la rge  shop where they were l a i d  out on the f l o o r  f o r  de t a i l ed  
examination. Figure 5 i s  a photograph taken during t h i s  operation t h a t  shows 
t h e  t e s t  tower s i t e .  A l a rge  piece cons is t ing  of t he  af t  head and p a r t  of t h e  
cy l ind r i ca l  sec t ion  i s  r e s t i n g  i n  the  framework of t h e  tower, and another l a rge  
piece of t h e  cy l ind r i ca l  sec t ion  t h a t  had been removed from the  tower i s  shown 
i n  t h e  foreground. In  s p i t e  of t h e  lengthy exposure i n  t h e  open a i r ,  t he  f r a c -  
t u r e  surfaces were not v i s i b l y  rusted;  nor were they mechanically damaged i n  
handling t o  any important extent .  It was necessary t o  cut  two of t h e  l a r g e r  
pieces  with a to rch  t o  f a c i l i t a t e  removal, b u t  these  cu t s  d id  not  impair t h e  
subsequent examination. Figure 6 shows t h e  pieces  l a i d  out on t h e  shop f l o o r  
with the a f t  head i n  t h e  center  foreground and the  o ther  pieces  arranged as 
nea r ly  as possible  i n  proper r e l a t i o n  t o  one another. 

While the  pieces were being t r ans fe r r ed  t o  t h e  shop, work w a s  s t a r t e d  on 
mapping the  f r a c t u r e  paths throughout the  e n t i r e  vessel .  The loca t ion  and 
or ien ta t ion  of each piece could be ascer ta ined  e i t h e r  from t h e  loca t ions  of 
welds  i n  t h e  piece,  or  by matching f r a c t u r e  surfaces  of adjacent  pieces.  A 
reference g r i d  r e l a t ed  t o  t h e  welds w a s  marked out on t h e  p ieces ,  and t h e i r  
boundaries were then p lo t t ed  on a 1:12 sca le  model of t h e  motor case made of 
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Lucite. A plane development of t h e  cy l indr ica l  sec t ion  of t h e  model map i s  
shown i n  f igu re  7. This map w a s  obtained by t r a c i n g  t h e  f r a c t u r e  paths onto a 
'piece of t r a c i n g  paper wrapped around the  model. The arrowheads on t h i s  map 
show t h e  d i r ec t ions  of propagation of t he  f r ac tu re  along t h e  various branches, 
as ascer ta ined  from chevron markings on t h e  f rac ture  surfaces. Figure 8 i s  a 
photograph showing t h e  t y p i c a l  chevron markings on e i t h e r  s ide  of one of the  
f r a c t u r e  o r ig ins  discussed i n  the  next section. The chevrons poin t  back t o  t h e  
o r ig in ,  opposite t o  the  d i r ec t ion  of f r ac tu re  propagation. S imi la r ly  well- 
defined markings were found on most of t he  f r ac tu re  surfaces and, taken t o -  
gether with c o l l a t e r a l  information, these  were s u f f i c i e n t  t o  define t h e  com- 
p l e t e  course of t h e  f r a c t u r e  without ambiguity. 

Fracture Origin Location 

From t h e  f r a c t u r e  map ( f i g .  7 ) ,  it i s  c lear  t h a t  t h e  f r a c t u r e  p a t t e r n  de- 
veloped from an o r ig in  c lose  t o  t h e  W7/302 longitudinal weld and somewhat f o r -  
ward of t h e  W 8 / 3  a f t  Y-ring weld. Although they a re  not shown here, the f r ac -  
t u r e  paths i n  t h e  s k i r t s  and the  domes were completely mapped, and it was es- 
tab l i shed  t h a t  they had developed from cracks running out of t h e  cy l ind r i ca l  
section. There were no independent o r ig ins  in  these  p a r t s  of t h e  motor case, 
although the re  were one or  two f r a c t u r e  branches t h a t  had run from t h e  cy l inder  
i n t o  one of t he  heads and then continued on back i n t o  the  cylinder.  

Independent confirmation of t h e  general  l oca t ion  of t h e  f r a c t u r e  o r ig in  
w a s  obtained by t r i angu la t ion  based on t i e  recorded accelerometer s igna ls .  A s  
discussed i n  appendix B, t h e  o r i g i n  of t h e  s t r e s s  wave detected at  the t i m e  of 
f a i l u r e  w a s  estimated t o  be loca ted  within a 20-inch-diameter c i r c l e  centered 
a t  a poin t  8 inches from t h e  W7/302 weld a n d  29 inches forward of t h e  W8/3 
weld. 
agreement with t h e  pos i t ion  of t h e  source o f t h e  f r a c t u r e  paths. 

This l o z a t i m ,  sho?a a s  a dashed c i r c l e  i n  f i g u r e  7 ( b ) ,  i s  i n  good 

Two d i s t i n c t  f r a c t u r e  or ig ins  were discovered i n  t h e  expected region, bo th  
assoc ia ted  v i t h  ariias of TIG weld r e p a i r  on the  in s ide  surface of t ne  W7/302 
weld. One o r ig in  w a s  o r ien ted  parallel t o  the wela center i ine ,  an2 thc  o ther  
t ransverse  t o  it. The pos i t ions  of these  origins and sketches of t h e i r  con- 
tou r s  a re  shown i n  t h e  d e t a i l  f r a c t u r e  map ( f ig .  7 ( b ) ) .  
d i f fe rence  i n  appearance t o  t h e  naked eye, the longi tudina l  defec t  w a s  termed 
t h e  "clean" o r ig in ,  and t h e  t ransverse  defect t h e  "black" origin.  
of t h e  mating surfaces of t h e  clean o r i g i n  are shown i n  f igu re  9. The boundary 
i s  qu i t e  d i s t i n c t  except f o r  two damaged places on one of t he  mating sur faces  
t h a t  must have rubbed aga ins t  another piece of metal, b u t  t h e  appearance of t h e  
o r ig in  sur face  d i f f e r s  only i n  t e x t u r e  and tone from t h a t  of t h e  surrounding 
f r a c t u r e :  t he re  i s  no suggestion of a deposit on the  surface. On t h e  o ther  
hand, t h e  b lack  o r ig in  w a s  covered with a t i g h t l y  adhering, b lack  deposit ,  as 
shown i n  f i g u r e s  8 and 10. This deposit  was eventua l ly  i d e n t i f i e d  as essen- 
t i a l l y  an i ron  oxide. 
nected with t h e  f a c t  t h a t ,  whereas t h e  boundary of t h e  black o r ig in  extends t o  
the  outer surface of t h e  vesse l  w a l l ,  t h e  clean o r ig in  i s  completely submerged 
within t h e  w a l l .  

Because of t h e  obvious 

Photographs 

This d i f fe rence  between t h e  two or ig ins  i s  probably con- 

The inner  and outer faces  of t h e  pieces containing t h e  two or ig ins  were 
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ground and etched t o  revea l  the  posi t ions of t h e  fus ion  l i n e s  and heat-affkcted 
zones of t h e  W7/302 weld. It w a s  then found t h a t  each o r i g i n  w a s  loca ted  be- 
neath a separate  manual TIG weld t h a t  had been deposited on the  in s ide  of t h e  
vesse l  t o  replace p a r t  of t h e  o r i g i n a l  subarc weld. These loca t ions  a r e  ind i -  
cated i n  f i gu res  11 and 12 .  
edge of what appeared t o  be a fus ion  l i n e  TIG r epa i r  weld, and the  black o r i g i n  
( f i g .  1 2 )  w a s  loca ted  near one end of a T I G  r epa i r ,  which covered t h e  whole 
width of t h e  weld and heat-affected zones. These loca t ions  a.re discussed i n  
g rea t e r  d e t a i l  l a t e r .  The TIG weld areas were iden t i f i ed  by t h e  responsible  
welding engineer as simulated r epa i r s  t o  an o r i g i n a l l y  sound subarc weld. The 
simulated r e p a i r s  had been made as p a r t  of an inves t iga t ion  concerned with 
cracking tha t  had been encountered i n  TIG r e p a i r  welding of meridional dome 
welds. 
weld, but a t o t a l  of four nondestructive inspect ions by FT, UT, and RT a t  times 
varying from 1 day t o  19 weeks a f te r  t h e  r e p a i r s  were made had revealed no in-  
dicat ions of defec ts  i n  the  repaired regions.  The more de t a i l ed  examination of 
t h e  two or ig ins  i s  discussed i n  the next sect ion,  following discussion of t h e  
s e que n c e of f r a c t ur i n  g . 

. 

The clean o r ig in  ( f i g .  11) w a s  located near one 

Experimental TIG r epa i r s  had been made a t  th ree  places  on t h e  W7/302 

There i s  no doubt t h a t  both o r ig ins  contr ibuted t o  t h e  ove ra l l  development 
of t h e  fracture .  Fractur ing i n  the  a f t  head developed from a crack t h a t  ran 
longi tudinal ly  from t h e  clean o r ig in  and branched j u s t  before  it reached t h e  
W8/3 Y-ring junct ion weld ( see  f i g .  7 ( b ) ) .  
c a l  section, and throughout t h e  forward head, developed from cracks t h a t  ran  
circumferent ia l ly  f o r  sho r t  dis tances  from t he  black o r ig in  and then  branched 
i n t o  s p i r a l  and longi tudina l  paths,  as shown i n  f igure  7. It i s  most unl ikely,  
however, t h a t  t h e  f r ac tu re  s t a r t e d  simultaneously and independently a t  bo th  
or ig ins .  It i s  almost c e r t a i n  t h a t  the  s t ress  r e d i s t r i b u t i o n  assoc ia ted  with 
propagation of cracks from one o r ig in  brought about secondary crack propagation 
from the  other or igin.  

Fractur ing i n  much of t h e  cy l ind r i -  

I n  f a c t ,  t h e  l o c a l  f r a c t u r e  pa t t e rn  i n  f igu re  7(b)  can only be  explained 
s a t i s f a c t o r i l y  i f  it i s  assumed t h a t  f r a c t u r e  s t a r t e d  f i r s t  a t  t h e  clean o r ig in  
with the  in i t ia .1 ,  longi tudina l  crack running both a f t  toward t h e  head and f o r -  
ward toward the posi t ion of t he  black or igin.  The i n t e n s i t y  of t h e  s t r e s s  
f i e l d  around t h e  black o r ig in  would have increased with the  approach of t h e  
crack, s o  t h a t  secondary crack propagation would have been t r igge red  a t  t h e  
black or ig in  before  the  primary crack reached it. The subsequent i n t e r sec t ion  
of t he  developing t ransverse  crack by t h e  primary crack would then have d i s -  
turbed the stress f i e l d  i n  a way t h a t  would account f o r  t he  e a r l y  branching of 
bo th  ends of the  t ransverse  crack. Since t h e  ve loc i ty  of propagation of 
b r i t t l e  f r ac tu re  i n  s t e e l  can approach 5000 f ee t  per second, it i s  l i k e l y  t h a t  
t h e  in t e rva l  between primary and secondary crack i n i t i a t i o n  would be of t h e  
order of a millisecond. 

The a l t e rna t ive  hypothesis, t h a t  f r ac tu re  s t a r t e d  f i r s t  a t  the  black 
or ig in ,  does not  lead t o  a s a t i s f a c t o r y  explanation of t h e  observed f r a c t u r e  
pa t te rn .  The development of t he  t ransverse  crack from t h e  black or ig in ,  and 
of t he  branches stemming from it, would not  have increased t h e  i n t e n s i t y  of 
t he  s t r e s s  f i e l d  around t h e  clean or ig in ;  i f  anything t h e  stress i n t e n s i t y  a t  
t h e  clean o r ig in  would have decreased as t h e  crack pa t t e rn  developed from t h e  
black origin.  There would have been no reason, therefore ,  f o r  secondary crack 
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propggation t o  start a t  the  clean or igin.  
.pattern should have been s i g n i f i c a n t l y  different  from t h a t  observed, and t h e  
clean o r ig in  should not  have been involved a t  a l l .  

I n  t h i s  case t h e  complete f r ac tu re  

Independent support f o r  t he  conclusion t h a t  the  clean o r ig in  was t h e  p r i -  
mary o r ig in  of t h e  f r a c t u r e  i s  provided by a comparison of t h e  dis tances  be- 
tween t h e  pos i t i on  of t h e  s t r e s s  wave o r i g i n  calculated from the  accelerometer 
da t a  and the  pos i t ions  of t h e  two f r ac tu re  or igins .  A s  shown i n  f igu re  7 (b ) ,  
the  d is tance  from t h e  center  of t h e  20-inch-diameter c i r c l e  represent ing t h e  
stress wave o r ig in  t o  t h e  clean or ig in  i s  about 1 2  inches,  while the  dis tance 
t o  t h e  black o r ig in  i s  about 32 inches. S t a t i s t i c a l l y ,  t h e  p robab i l i t y  of a 
t r i angu la t ion  e r r o r  of 1 2  inches i s  s ign i f i can t ly  higher than t h e  p robab i l i t y  
of an e r r o r  of 32 inches. 

I n  t h e  absence of t he  clean o r i g i n  it i s  qu i t e  l i k e l y  t h a t  t h e  ves se l  
would have f rac tured ,  s t a r t i n g  a t  the black or igin,  a t  some pressure less than 
t h e  intended hydrotest  proof pressure. In  any event, under no circumstances 
would e i t h e r  o r ig in  have been considered a to l e rab le  defect  i f  i t s  presence and 
magnitude had been detected p r io r  t o  t h e  hydrotest .  

The Consultants r epor t s ,  which are presented i n  appendix C, a r e  i n  general  
agreement with t h e  foregoing ana lys i s  of t h e  or ig ina t ion  and development of t h e  
f r ac tu re .  

An investig%t.tign vas condiucted on other  f a c t o r s  t h a t  may have been r e l a t e d  
t o  t i e  failure. miis inves t iga t ion ,  reported ir, appendix D, f w t h e r  substan- 
t i a t e d  t h e  pi-ecefLiiig fii2dings. 

Metallographic Examination of  Fracture  Origins 

Detailed metallographic examination of the f r ac tu re  or ig ins  and neighbor- 
ing regions of motor case fragments -,as undertaken by t h e  Applied Research 

P e l l i s s i e r .  The f indings summarized i n  t h i s  sec t ion  a r e  discussed i n  g rea t e r  
d e t a i l  i n  appendix A. 

~Dora to ry  of L? L i i e  - ii. S. S t e e l  Corpsration, -m+r the  4Lrection of M?, George 

The loca t ions  of both or ig ins  with respect t o  weld deposi ts  were estab-  
l i shed  accura te ly  by sect ioning and etching. These loca t ions  a r e  most r e a d i l  
v i sua l ized  by reference t o  t h e  s implif ied isometric drawings ( f i g s .  11 and 127. 
The clean o r ig in  i s  located j u s t  below the  in te rsec t ion  of t h e  TIG weld i n t e r -  
face  with t h e  in t e r f ace  of t he  inside,  second pass of t h e  subarc weld, i n  t he  
grain-coarsened region of t h e  subarc weld heat-affected zone. 
( f ig .  12) i s  t ransverse  t o  the  W7/302 weld and crosses  t h e  ins ide ,  second pass 
of t h a t  weld, extending i n t o  the  heat-affected zones on both sides of t h e  weld 
deposi t .  The near ly  s t r a i g h t  boundary l i es  j u s t  below the  fus ion  in t e r f ace  of 
t h e  TIG weld r epa i r ,  c lose  t o  one end of t h e  repa i r .  
o r ig in  extends t o  the  outs ide surface of the  ves se l  a t  about the  pos i t ion  of 
t he  fusion in t e r f ace  of t he  f i r s t  pass of  the subarc weld. This end of t he  
or ig in  i s  within t h e  combined heat-affected zones of t he  TIG and subarc welds, 
bu t  i t s  extremity probably reaches t h e  l i m i t  of t he  aus t en i t e  revers ion region. 

The black o r ig in  

The enlarged end of t h e  
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By o p t i c a l  microscopic examination of f r a c t u r e  p r o f i l e s  i n  polished sec-  
t i o n s ,  and e lec t ron  microscopic examination of f r a c t u r e  r ep l i cas ,  it w a s  ascer -  . 
t a ined  t h a t  t h e  f r ac tu re  topographies of t he  two o r ig ins  were qu i t e  similar t o  
one another, b u t  d i f f e r e n t  from adjacent  f r a c t u r e  surfaces .  The o r ig in  sur -  
faces  were predominantly in te rgranular ,  with r e l a t i v e l y  f l a t  f a c e t s  t h a t  cor- 
responded e i t h e r  t o  p r io r  a u s t e n i t i c  gra in  boundaries, o r  t o  dendr i te  i n t e r -  
faces  i n  t he  case of t h a t  p a r t  of t he  black o r ig in  located within the  weld. 
The surrounding f r ac tu re  surfaces  were predominantly of the noncrystal lo-  
graphic,  dimpled type, which i s  ind ica t ive  of more d u c t i l e  rupturing. 

The assoc ia t ion  of each of the  o r ig ins  with a TIG r e p a i r  weld, and the  
nature  of t he  o r ig in  surfaces ,  suggests t h a t  t h e i r  formation w a s  a consequence 
of TIG repa i r  welding. 
other  flaws associated with TIG weld r epa i r  regions.  A tens ion  t e s t  specimen 
taken from t h e  W7/101 weld a f t e r  hydrotest  f a i l u r e  w a s  used t o  examine one of 
these  f l a w s  shown i n  f igu re  13. This f l a w  and two f l a w s  t h a t  were found i n  t h e  
W6/3 TIG weld a r e  discussed f u r t h e r  i n  the  sec t ion  Reinspection of Weld Repair 
Areas After Hydrotest Fai lure .  
flaws has not  been establ ished,  b u t  it appears t h a t  t h e  defec ts  were generated 
by  s t r e s ses  s e t  up during TIG r epa i r  welding i n  regions exhib i t ing  microstruc- 
t u r a l  inhomogeneity and gra in  coarsening. 

This suspicion i s  re inforced by the  f ind ing  of t h ree  

The de ta i l ed  mechanism of formation of t h e  

The black deposi t  on t h e  t ransverse  o r i g i n  w a s  examined by glancing-angle 
X-ray d i f f rac t ion ,  e lec t ron  d i f f r ac t ion ,  and electron-probe microanalysis. The 
d i f f r ac t ion  pa t te rns  corresponded t o  a mixture of fe r rous  oxide (FezO3) and 
f e r r i c  oxide (Fe304). 
predominantly i ron  with small amounts of nickel ,  molybdenum, cobal t ,  and t i t a n -  
ium. This oxide must have formed a t  a high t e m p e r a t m .  Comparison of t h e  
co lor  with oxidized crack surfaces  obtained by heat ing i n  a i r  a t  high tempera- 
t u r e s  suggests a formation temperature a t  l e a s t  as high as 800° F. 
appear t ha t  a t  l e a s t  some of t he  oxidation must have occurred during t h e  aging 
cycle a t  835' F. 

The ana lys i s  showed that the  metal l ic  cons t i tuent  w a s  

It would 

Polished sect ions and fractographic  r ep l i cas  were examined t o  determine 
the  loca t ion  of the  f r ac tu re  surface a t  a representa t ive  pos i t ion  between t h e  
primary and secondary or igins .  
t u r e  i s  in te rdendr i t ic ,  through the  subarc weld metal  i n  which t h e  dendri tes  
a re  normal t o  t h e  surfaces.  Further within t h e  w a l l  t h e  f r a c t u r e  i s  i n t e r -  
granular,  through the  grain-coarsened region j u s t  adjacent  t o  t h e  fus ion  i n t e r -  
face  of the subarc weld, conforming macroscopically t o  the  fusion in te r face .  
The path taken by t h e  f r a c t u r e  suggests t h a t  t he  grain-coarsened region has a 
low f r ac tu re  toughness associated with a highly sens i t i zed  microstructure.  
This observation i s  cons is ten t  with t h e  occurrence of t he  clean and black 
o r ig ins  in  s imi l a r ly  grain-coarsened regions. 

Near t h e  surfaces  of  t he  vesse l  w a l l  t h e  f r a c -  

From t h e  metallographic evidence it ma.y be surmized t h a t  t h e  high hea t  i n -  

Such regions would 
put  during subarc welding caused grain coarsening and thermal embrittlement i n  
the  regions of the base p l a t e  adjacent t o  t h e  weld deposi t .  
be expected t o  be suscept ib le  t o  cracking under thermal s t r e s s e s  such as those 
generated by subsequent r e p a i r  welding. 
t i o n  of the fra.cture or ig ins  more conclusively would requi re  t h e  undertaking of 
a research program di rec ted  toward dupl ica t ing  the  phenomenon i n  t h e  laboratory.  

To e s t a b l i s h  the  mechanism of forma- 
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Fracture  Calculations and Fracture Toughness 

Fracture  mechanics background. - Engineering calculat ions concerning 
f r a c t u r e  are conducted cu r ren t ly  on the  bas i s  of t he  mathematical theory of 
l i n e a r  e l a s t i c  f r a c t u r e  mechanics, which deals with th2 s t r e s s  f i e l d  singu- 
lar i t ies  associated with cracks i n  i d e a l  e l a s t i c  bodies ( r e f s .  1 and 2) .  While 
it i s  recognized t h a t  t h i s  mathematical mzdel represents  a considerable over- 
s impl i f ica t ion  of t he  s i t u a t i o n  i n  a real engineering material, t he  calcula-  
t i o n s  are nevertheless  of ten useful,  p s r t i c u l a r l y  wher, applied t o  materials of 
high y i e l d  s t rength  subjected t o  r e l a t i v e l y  low s t r e s s  l e v e l s  as i n  t h e  pre- 
s en t  invest igat ion.  

The d i s t r i b u t i o n  of s t r e s ses  and displacements near t h e  edge of an e l a s t i c  
crack i s  dominated by the  influence of the  stress-free surfaces  of t h e  crack. 
The crack s t r e s s  f i e l d  system can be  resolved i n t o  th ree  bas i c  component sys- 
tems, each r e f e r r i n g  t o  a p a r t i c u l a r  s e t  of displacement d i scon t inu i t i e s  as- 
soc ia ted  with a p r inc ipa l  mode of crack extension. For s impl ic i ty  only t h e  
f i r s t  or  opening mode of crack extension needs t o  be considered here,  namely, 
t h a t  i n  which t h e  r e l a t i v e  displacement of corresponding points  on the  mating 
crack surfaces  occurs i n  a d i r ec t ion  normal t o  those surfaces.  The other  two 
component modes involve forward or  sidewise s l id ing  of t h e  crack surfaces  over 
one another. I n  the  opening mode, t he  s t r e s s  components near t h e  crack edge 
are a l l  proport ional  t o  t h e  sca l a r  s t r e s s  i n t ens i ty  f a c t o r  The magnitude 
of KI 
t h e  crack and a l s o  Ciepends upon the  configuration of the  b d y ,  Inclu5ing the  
crack shape and s ize .  The dimensions of KI are those of' stress mult ipl ied by  
the  square roo t  of length. The evaluation of KI f o r  configurations t h a t  are 
of p r a c t i c a l  i n t e r e s t  i s  a primary t a sk  o f  l i n e a r  e l a s t i c  f r a c t u r e  mechanics 
(ref. 3 ) .  

KI. 
i s  proport ional  t o  the  loading forces  ac t ing  on the  body containing 

For engineering appl ica t ion  of l i n e a r  e l a s t i c  f r a c t u r e  mechanics some 
c r i t e r i o n  fo r  f r ac tu re  of a mater ia l  must be  assumed. The assumption i s  t h a t  a 
Da te r i a l  w i l l  exh ib i t  a cha rac t e r i s t i c  plane s t r a i n  f r a c t u r e  toughness 
such t h a t  a crack i n  t h e  mater ia l  w i l l  become unstable i f  t he  value of 
anywhere along t h e  crack boundary reaches the  K r C  value of the  material. I n  
prac t ice ,  KIc values a r e  measured by conducting f r a c t u r e  t e s t s  on appropri- 
a t e l y  designed specimens t h a t  incorporate cracks and t h a t  have been subjected 
t o  a s u f f i c i e n t l y  accurate  KI s t r e s s  analysis  (ref. 4). I n  a f a i l u r e  anal-  
y s i s ,  t he  value calculated from t h e  fracture o r ig in  dimensions and the  
loads can be compared with K I ~  values obtained from tes ts  of the mater ia l  i n -  
volved. It i s  important t o  appreciate,  however, t h a t  only approximate agree- 
ment is  t o  be  expected because of t h e  s impl i f ica t ions  involved i n  the  underly- 
ing assumptions. Furthermore, t he re  maybe other sources of e r r o r  o r  uncer- 
t a i n t y ,  as w i l l  be noted i n  discussing the subject f a i l u r e .  

K I ~  
%I 

KI 

Accurate methods have not ye t  been developed f o r  ca lcu la t ion  of stress 
i n t e n s i t i e s  of cracks of i r r egu la r  contour such as t h e  two or ig ins  involved i n  
t h e  hydrotest  f a i l u r e  of the  SL-1 motor case. Estimates of the upper and lower 
bounds can be obtained, however, from the  analysis  of cracks of e l l i p t i c a l  con- 
tou r  published by Irwin (ref. 5). Figure 1 4  i s  a convenient working p l o t  of 
t h e  relevant  r e s u l t s  from t h i s  reference,  showing the  dimensionless quant i ty  
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KI/o& aga ins t  t he  r a t i o  a/c, where KI i s  the  maximum value of t h e  s t iess  
i n t e n s i t y  f a c t o r  around the  e l l i p t i c a l b o u n d a r y ,  o i s  t h e  nominal stress a c t -  . 
ing across t h e  crack, and a and c a re  t h e  minor and major semiaxes of t h e  
e l l i p s e ,  respect ively.  The s t r e s s  i n t e n s i t y  i s  g r e a t e s t  a t  t h e  pos i t ion  of 
l e a s t  curvature of t he  boundary, t h a t  i s ,  a t  each end of t h e  minor ax is .  Where 
p a r t  of t h e  boundary of a crack has negative (concave) curvature,  as i s  t h e  
case with t h e  clean or ig in ,  t he  stress i n t e n s i t y  w i l l  be higher  than a t  a posi-  
t i o n  of convex curvature,  b u t  t he  magnitude of t he  d i f fe rence  i s  not  accura te ly  
known. 

S t ress  i n t e n s i t y  f ac to r s .  - The nominal s t r e s s  across  the  clean o r ig in  
w a s  estimated t o  be approximately 100 000 p s i  a t  the  f a i l u r e  pressure of 
542 psi .  This es t imate  allows f o r  t h e  s t a t i c  pressure head and f o r  a supple- 
mentarybending s t r e s s  due t o  devia t ion  of t h e  s h e l l  contour from t h e  i d e a l  
cylinder. This bending s t r e s s  supplement corresponds t o  t h e  pos i t ion  of t h e  
inner  boundary o f  t he  o r ig in  where should have been g r e a t e s t  because of 
t h e  negative curvature of t h e  boundary. The stress values  used i n  t h i s  f r a c -  
ture  toughness ana lys i s  are i n  s u b s t a n t i a l  agreement with t h e  values quoted by 
t h e  consul tants  (appendix C ) .  
he re in  a re  b e s t  es t imates .  The estimate of nominal s t r e s s  i s  probably accurate  
t o  within 5 percent.  

KI 

The d i f fe rences  a r e  small and t h e  values used 

The est imates  of t h e  upper and lower bounds of t h e  stress i n t e n s i t y  cor- 
responding t o  t h i s  nominal stress a r e  based on f i t t i n g  e l l i p s e s  t o  t h e  clean 
o r ig in  as shown i n  f igu re  15. The lengths  of t h e  e l l i p s e s  a r e  equal t o  t h a t  of 
t he  or igin.  For t h e  lower bound, t h e  width of t h e  e l l i p s e  i s  0.10 inch, equal 
t o  the  minimum wid.th of t he  or igin.  For the  upper bound, t h e  width of t he  e l -  
l i p s e  i s  0.22 inch, equal t o  t h e  dis tance from the  convex boundary of t h e  
o r ig in  t o  the  tangent spanning t h e  opposite boundary. The estimated KI 
bounds fo r  the  clean o r ig in  are then 39 000 and 57 000 p s i f i .  

The nominal s t r e s s  across  the  black o r ig in  i s  estimated t o  have been 
46 000 ps i  a t  t he  f a i l u r e  pressure of 542 ps i .  This es t imate  allows f o r  t h e  
s t a t i c  pressure head and t h e  t h r u s t  on t h e  f ixed  pis ton,  b u t  assumes the  bend- 
ing s t r e s s  t o  be zero. The estimate of t he  lower bound of the  KI value f o r  
t he  black o r ig in  i s  based on an e l l i p s e  1.6 inches long by 0.2 inch wide; these  
dimensions correspond t o  those of t he  black o r ig in  i f  t h e  enlarged end i s  neg- 
lec ted .  The estimated lower bound KI value f o r  t h e  black o r ig in  i s  then 
25 000 psi+, and t h i s  i s  probably a good est imate  of t h e  cor rec t  value f o r  
t h e  narrow l i m b  of t h e  o r ig in  t h a t  crosses  the  subarc weld proper ( f i g .  1 2 ) .  

Estimation of t he  upper bound KI value f o r  t h e  black o r ig in  i s  much more 
uncertain.  The KI value should be g rea t e s t  a t  t h e  sharp corner i n  the  o r ig in  
boundary ( f i g s .  10 and 12), but  advance of t h e  crack f r o n t  from t h i s  point  
would produce a smoother contour and, temporarily,  a lower KI value. Since 
the re  i s  no b e t t e r  b a s i s  f o r  estimation, it w i l l  be assumed t h a t  t he  KI value 
f o r  t h i s  o r ig in  i s  unl ike ly  t o  be  g rea t e r  than t h a t  based on an e l l i p s e  
1 . 6  inches long by 0.5 inch wide ( t h i s  width being equal t o  the  dis tance from 
t h e  outer surface of t he  w a l l  t o  t h e  far boundary of t he  o r ig in  . The upper 
bound KI value ca lcu la ted  on t h i s  b a s i s  i s  then 37 000 p s i  -,k. The f a c t  t h a t  
t he  black o r ig in  w a s  open t o  t h e  surface over a shor t  d i s tance  w i l l  hardly 

14 



a f f e c t  t h e  KI 
'cent of t h e  t o t a l  l ength  of t h e  origin.  
i s  i n f e r r e d  from reference 5. 

estimates because t h i s  distance amounts t o  l e s s  than 10 per- 
This is  a somewhat sub t l e  po in t  t h a t  

Residual stress e f f e c t s .  - The contributions of any r e s i d u a l  s t r e s s e s  t h a t  
may have ex i s t ed  i n  t h e  o r ig in  regions have been neglected i n  t h e  preceding 
KI ca lcu la t ions .  
Compny during t h e  period when t h e  motor case w a s  under construction d id  r evea l  
t h e  ex is tence  of s u b s t a n t i a l  r e s idua l  s t r e s ses  i n  t h e  heat-affected zone of a 
subarc weld. 
s t a n t i a l  t e n s i l e  stresses i n  t h e  circumferential  d i r ec t ion  w e r e  measured i n  
t h a t  p a r t  of t h e  heat-affected zone j u s t  b e l o w  t h e  outs ide  surface of t h e  case. 
Compressive s t r e s s e s  occurred i n  t h e  longi tudina l  d i rec t ion .  
t he re  i s  no way of knowing t h e  magnitudes and d i s t r i b u t i o n s  of r e s i d u a l  
s t r e s s e s  i n  t h e  regions of t h e  c lean  and black o r ig ins  a t  t h e  t i m e  of t h e  
hydrotest. This uncer ta in ty  i s  aggravated by t h e  somewhat contrary f ind ings  of 
t he  Boeing Company, who a l s o  conducted res idua l  stress s tudies ,  as discussed i n  
appendix C. Under t h e  circumstances, t he  question of r e s i d u a l  s t r e s s e s  can 
only be  regarded as an add i t iona l  f a c t o r  of uncertainty of unknown magnitude 
a f f ec t ing  t h e  accuracy of t h e  KI calculations.  

Experiments a t  t h e  Newport News Shipbuilding and Dry Dock 

A r e l axa t ion  technique involving hole  d r i l l i n g  w a s  used. Sub- 

Unfortunately, 

Frac ture  toughness. - Measurements of K I ~  toughness -,;ere made a t  t h e  
NASA L e w i s  Research Center by us ing  crack-notch bend specimens obtained from 
t h e  W7/301 weld and adjacent p l a t e  material. This weld w a s  made by t h e  same 
welding procedure and joined t h e  same two p la tes  as t h e  W7/302 weld where t h e  
f a i h r e  or5ginsted.. TJnf o r tuna te ly  none of the KIc specimens w e r e  obtained 
from a region that had been repa i red  by TIG welding, and therefore  the  f r a c t u r e  
toughness values were not properly representa t ive  of t h e  mater ia l  i n  t h e  v i c in -  
i t y  of t h e  f r a c t u r e  or ig ins .  Because of a misvcnclerstanding, t h e  m l y  part of 
the 'vJ7/301 weld that had been repaired by TIG welding was cut  up i n  such a man- 
ner t h a t  it could not  be used f o r  f r a c t u r e  toughness specimens. 

The types of four-point bend specimens used for t h e  K I ~  t e s t s  a r e  sh0.m 
i n  f igu re  16. 
cracks. The crack notches i n  specimen types WT and HT were loca ted  so t h a t  t h e  
d i r ec t ion  of crack propagation w a s  from t h e  ins ide  t o  t h e  outside of t he  o r i g i -  
n a l  ves se l  w a l l .  The crack notches i n  specimen types WL and HL were loca ted  so 
t h a t  t h e  d i r e c t i o n  of crack propagation w a s  along t h e  weld. The cracks i n  
types WT and WL were loca ted  i n  t h e  center  of t h e  weld, and those i n  types HT 
and HL were loca ted  i n  t h e  heat-affected zone t o  correspond approximately with 
t h e  pos i t ion  of t h e  clean origin.  Base p la te  specimens, type BT, were a l s o  
t e s t e d  and were similar t o  types WT and HT. 

A l l  t h e  specimens had 90' notches t h a t  terminated i n  fatigue 

Crack extension during t h e  K I ~  t e s t s  was sensed by two independent 
methods. I n  one method a constant cur ren t  i s  maintained through t h e  specimen 
during t h e  t es t ,  and t h e  d i f fe rence  of e l e c t r i c a l  p o t e n t i a l  between two poin ts  
located symmetrically on e i t h e r  s ide  of t h e  crack i s  detected,  amplified, and 
used t o  d r ive  one ax i s  of an X-Y recorder. The o ther  a x i s  of t h e  recorder i s  
driven by t h e  output of a load c e l l  so t h a t  t h e  r e s u l t i n g  record i s  a p l o t  of 
load a s  a func t ion  of a measure of t h e  change i n  crack length. I n  t h e  o ther  
method, acous t ic  v ib ra t ions  emitted during crack extension a r e  picked up by  a 
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sens i t i ve  transducer attached t o  t h e  specimen and recorded on magnetic t ape ' t o -  
gether with a record of t he  load. Both methods a re  described i n  d e t a i l  i n  r e f -  . 
erence 4. I n  most of t he  t e s t s  t he re  w a s  no ambiguity about t h e  r e s u l t s  be- 
cause the specimens f rac tured  completely a t  t h e  maximum recorded loads without 
appreciable crack extension a t  lower loads. I n  t h e  t e s t s  of t h ree  of t h e  f i v e  
HT specimens, however, small increments of abrupt crack extension d i d  occur a t  
loads well below t h e  maximum. Nevertheless, t he  maximum loads were taken as 
corresponding t o  t h e  K I ~  values i n  these  cases as wel l  as i n  t h e  other cases 
because the increments of crack extension were i so l a t ed ,  t h a t  i s ,  t h e r e  w a s  no 
f u r t h e r  appreciable crack extension up t o  maximum load. It i s  considered t h a t  
t h e  explanation f o r  t h e  behavior of t h e  th ree  HT specimens i s  t h a t  t h e  crack 
t i p s  i n  these 'specimens were located i n  h ighly  heterogeneous regions, low i n  
toughness i n  t h e  grain-coarsened p a r t  of t h e  heat-affected zones, b u t  higher i n  
toughness i n  t h e  f i n e r  grained pa r t  of t h e  heat-affected zones s l i g h t l y  f a r t h e r  
from t h e  crack t i p s .  

45 000 
55 400 
50 300 
43 400 
51 900 

TABLE I. - FR4CTURE TOUGHNESS VALUES FROM FOUR-POINT 

BEND SPECIMEIVS TAKEN FROM W7/301 WELD REGION 

77 700 38 800 54 400 83 100 
77 500 38 900 50 400 81 000 
75 400 40 500 53 000 83 000 
84 500 69 800 
75 000 81 000 

I Specimen type" I 
I W T ~  I HTC I md I H L ~  I B T ~  I 

Average K I ~  

I 49 200 1 78 000 I 39 400 I 52 900 I 79 600 I 
a 

bWeld center l ine ,  through thickness crack propagation. 
cHAZ, through thickness crack propagation. 
dWeld cen te r l ine ,  longi tudina l  crack propagation. 
eHAZ, longi tudina l  crack propagation. 
fBase p l a t e ,  through thickness crack propagation. 

See f i g .  16. 

The r e s u l t s  of t he  K I ~  t e s t s  a r e  given i n  t a b l e  I. The loca t ions  and 
d i rec t ions  of propagation of t he  cracks i n  t h e  type "I' specimens most nea r ly  
correspond t o  those of t h e  clean or ig in .  The average of t h e  K I ~  values f o r  
these  specimens i s  near ly  as high as t h a t  for t h e  base-plate specimens, and t h e  
lowest of t h e  f i v e  values, 75 000 ps i7 /m, ,  i s  considerably higher than t h e  
upper bound of the  KI estimated f o r  the  clean or ig in ,  which w a s  

16 



57  000 p s i f i .  It i s  qu i t e  possible  t h a t  the ac tua l  KI l e v e l  w a s  greater 
- t h a n  t h i s  upper bound i f  there  were subs tan t ia l  res idua l  t e n s i l e  stresses a t  

t h e  clean o r ig in  but  i s  unl ike ly  t h a t  t h e  KI l e v e l  could have been as high 
as 75 000 psi&. On t h e  other hand, it i s  qui te  reasonable t o  suppose t h a t  
t h e  toughness of t he  material adjacent t o  t h e  clean or ig in  boundary could 
have been s u b s t a n t i a l l y  lower than the  values determined with t h e  type HT 
specimens from the  W7/301 weld. 
p o s s i b i l i t y  of a l o c a l l y  embri t t led region, not necessar i ly  r e s t r i c t e d  t o  t h e  
ac tua l  or igin.  The e f f e c t  of TIG weld repa i rs  on t h e  toughness of t he  under- 
l y ing  material i s  an unknown f a c t o r  t h a t  would requi re  a considerable program 
of welding and t e s t i n g  t o  c l a r i f y  adequately. 

K I ~  

The very existence of t he  or ig in  suggests t h e  

An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  the K I ~  toughness of t h e  material 
adjacent t o  t h e  convex boundary of t h e  clean or ig in  may have been s u f f i c i e n t l y  
l o w  t h a t  propagation s t a r t e d  f i r s t  a t  t h i s  boundary r a the r  than a t  t h e  concave 
boundary. The material immediately adjacent t o  t h e  convex boundary i s  subarc 
weld metal of low toughness ( f i g .  11). However, t he  bulk of t h e  mater ia l  be- 
tween t h e  convex boundary of t h e  or ig in  and the ins ide  surface of the  w a l l  i s  
TIG weld deposi t ,  which i s  presumably of high toughness. 

Taking i n t o  consideration the uncertainty regarding t h e  ac tua l  KI l e v e l  
a t  t h e  clean o r ig in  a t  542 p s i  pressure and also t h e  uncertainty regarding t h e  
K I ~  toughness of the  material adjacent t o  the clean o r ig in  ind ica tes  t h a t  t h e  
f r ac tu re  mechanics analysis  i s  not inconsis tent  with t h e  conclusion from t h e  
evidence of t he  f r ac tu re  pxbtern t h a t  t h e  hyj ro tes t  failure s t a r t e d  from t h i s  
origin.  

The K I ~  values l i s t e d  i n  t ab le  I f o r  the specimens of types WT, WL, and 
IEL, i n  which t h e  cracks propagated wholly or p a r t l y  through t h e  subarc weld 
material ,  a r e  considerably lower than those fo r  t h e  heat-affected zone, type 
HT, and base p l a t e ,  type BT, specimens. If these xeld material K I ~  values 
are t o  be  compared with t h e  KI value f o r  the black or igin,  it must be remem- 
bered t h a t  m l y  pa r t  of t he  narrow limb o f  the or ig in  i s  located i n  the  W7/302 
weld deposi t  ( f i g .  1 2 ) .  A s  s t a t e d  previously, t'ne lower bound KI value of 
25 000 ps i=  i s  probably a good estimate of  t h e  cor rec t  value f o r  t h i s  p a r t  
of t he  or ig in  a t  542 p s i  pressure. This KI value is considerably lower than 
any of t he  K I ~  values reported i n  t a b l e  I. On the  other  hand, t h e  correspond- 
ing KI value f o r  t h e  hydrotest  proof pressure of 960 p s i  i s  45 000 p s i 6 ,  
which i s  higher than t h e  K I ~  values f o r  the WL specimens i n  t a b l e  I. There 
is ,  therefore ,  a d i s t i n c t  p o s s i b i l i t y  t h a t  premature failure would have s t a r t e d  
a t  the  black o r ig in  i f  the  clean o r ig in  had not been present. 

A t ransverse defect  w a s  a l s o  found i n  t h e  W7/101 weld, as discussed i n  t h e  
sect ion Reinspection of Weld Areas A f t e r  Hydrotest Fai lure .  
t ud ina l  tension specimen containing t h i s  defect w a s  tested and f a i l e d  a t  a 
gross stress of 115 000 psi .  
face,  shown i n  f igu re  13, and i s  0.6 inch long by 0.12 inch wide. 
i n  the  heat-affected zone of t h e  TIG repair weld, which w a s  a l s o  i n  t h e  center  
of t he  subarc weld deposit ,  and or iented t ransverse t o  t h e  weld center l ine.  
Tne K I ~  
good agreement with t h e  values f o r  t h e  WT specimens l i s t e d  i n  t a b l e  I. 

A large,  longi-  

The defec t  i s  c l ea r ly  defined i n  t h e  f r ac tu re  sur- 
It i s  located 

value calculated from t h i s  tes t  r e s u l t  i s  47 500 p s i c ,  which i s  i n  
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Reinspection of Weld Areas After  Hydrotest Fa i lure  

Since t h e  clean and black o r ig ins  were undetected by nondestructive t e s t -  
ing  techniques p r io r  t o  aging, t h e  quest ion arose as t o  whether t h e  defects  
were caused b y  aging, and i f  they would have been detected i f  add i t iona l  non- 
des t ruc t ive  t e s t i n g  had been conducted subsequent t o  aging. It was f u r t h e r  
reasoned t h a t  i f  these  defec ts  were caused by the  aging cycle,  add i t iona l  de- 
f e c t s ,  which would have been a t  s u b c r i t i c a l  s i z e  a t  t h e  hydrotest  fa i lure  pres-  
sure,  may have been present  i n  other  welds i n  t h e  motor case. A s  a r e s u l t ,  the  
Fa i lure  Inves t iga t ing  Committee asked Newport News Shipbuilding and Dry Dock 
Company t o  re inspec t  a l l  welds i n  t h e  260-SL-1 motor case by  using t h e  inspec- 
t i o n  procedures previously used (PT, RT, and UT) plus  magnetic p a r t i c l e  (MT). 
I n  addi t ion t h e  U. S. Naval Research Laboratory w a s  asked t o  inspec t  indepen- 
dent ly  some of t h e  weld areas by using UT. About 85 percent of t he  nondestruc- 
t i v e  t e s t i n g  of welds  was completed before  cont rac t  terminat ion on June 5, 
19 65. 

It w a s  determined during t h i s  inves t iga t ion  t h a t  magnetic p a r t i c l e  t e s t i n g  
w a s  of questionable value i n  t h e  examination of we lds  i n  t he  18 percent n i cke l  
maraging s t e e l  a l loy .  Similar conclusions were drawn i n  research  conducted by 
Excelco Developments, Inc. under NASA cont rac t  NASw - 687. A l l  welds i n  this  
a l l o y  exhibi t  narrow b u t  s ign i f i can t  bands of rever ted  metastable aus t en i t e  i n  
the  parent mater ia l  heat-affected zones, and i n  such zones created i n  t h e  weld 
metal b y  t h e  deposi t ion of subsequent weld beads. Since such bands impose a 
change in  magnetic permeabili ty i n  a. uniform magnetic f i e l d  impressed across  
them through adjacent  f u l l y  martensi t ic  mater ia l ,  small magnetic leakage f i e l d s  
r e s u l t .  The a u s t e n i t i c  areas  a r e  the re fo re  c l e a r l y  defined when magnetic 
p a r t i c l e  powder i s  applied,  and any small f l a w s  i n  or near these  zones w i l l  be  
masked. The problem proved t o  be even more acute  when an attempt w a s  made t o  
apply the t e s t i n g  technique t o  weld areas t h a t  were repa i red  by  t h e  TIG pro- 
cess. In such cases,  each r epa i r  weld bead w a s  out l ined by f i n e  b u t  d i s t i n c t  
powder adherence l i n e s  p a r a l l e l  t o  t h e  r epa i r  bead progression sequence. 
Reliable de l inea t ion  of a t i g h t  surface crack (or one j u s t  beneath t h e  sur face)  
under such conditions w a s  questionable.  

During t h e  pos t f a i lu re  inspect ion of welds, eleven defec t  areas were found 
t h a t  had not  been evident,  or not  r e j ec t ab le ,  by t h e  appl icable  standards p r i o r  
t o  hydrotest .  O f  these  defec t  areas ,  seven were found by UT, two by PT, and 
two by RT. It  i s  not c e r t a i n  how many of these  defec ts  may have been present  
or how b i g  they were during prehydrotest  inspection. It i s  poss ib le  that some 
of t he  defects  may have enlarged during pressur iza t ion  or  a t  b u r s t  s o  t h a t  they  
were more e a s i l y  de tec tab le  i n  t h e  posthydrotest  inspection. 

Four of t h e  seven defec ts  found by UT could not be  discerned by RT. Two 
of t he  remaining t h r e e  defec t  a reas  had such f a i n t  RT ind ica t ions  t h a t  pre- 
knowledge of t h e  presence of t h e  defec t  w a s  required t o  loca t e  the  ind ica t ion .  
These two f l a w s  were not  r e j ec t ab le  based on the  f i l m  indicat ions.  
area found on W7/101 weld w a s  detected by both  UT and RT and w i l l  be discussed 
i n  more d e t a i l  subsequently. 

A defec t  

The two defec ts  determined by  PT could not  b e  detected by other  NDT 
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methods. One of t hese  defec ts  w a s  removed by a l i g h t  sanding ind ica t ing  t h a t  
'it w a s  a probable sur face  scratch.  

Two defec t  a reas  were determined by  RT on t h e  W6/3 TIG weld ( a f t  s k i r t ) .  
One of t h e  defec t  areas a l s o  proved t o  be on t h e  prehydrotest f i l m ,  b u t  it w a s  
so f a i n t  t h a t  preknowledge of i t s  existence was necessary t o  loca t e  it on t h e  
film. I n  t h e  other defec t  a rea ,  which was not detected by NMI u n t i l  a f t e r  
hydrotest ,  two defec ts  1/4- t o  3/8-inch long were found under a TIG repa i r .  
The defec ts  under t h e  TIG r e p a i r  t o  t h i s  T I G  weld were t h e  only known instances 
of thermal-shock cracking of a T I G  weld i n  the welding program of t h e  260-SL-1 
motor case. 

I n  addi t ion  t o  t h e  abovementioned defects,  t h r e e  other defec ts  were found 
by RT t h a t  had been missed by the  f i l m  i n t e r p r e t e r  on the  o r i g i n a l  f i l m s  taken 
before hydrotest .  I n  a l l  cases t h e  flaws showed very f a i n t l y  on t h e  o r i g i n a l  
f i l m .  

The most se r ious  defec t  found i n  t h e  posthydrotest NDT inves t iga t ion  w a s  
i n  the  W7/101 weld beneath a TIG weld repa i r .  
gated by personnel from both t h e  Newport News Shipbuilding and Dry Dock Company 
and the  U. S. Naval Research Laboratory. Conflicting ind ica t ions  by RT and UT 
were given on t h e  s i z e  and loca t ion  of the  defect. It w a s  ind ica ted  by RT t h a t  
t h e  defec t  w a s  a t ransverse  crack located and oriented r e l a t i v e  t o  t h e  subarc 
and T I G  welds similar t o  t h e  black or ig in  found on weld W7/302, b u t  somewhat 
smaller. The LT i nves t iga t ion  d id  not  pick up t h e  defec t  as wel l  as RT, b u t  
ind ica ted  that  t h e  de fec t  w a s  not of r e j ec t ab le  s i ze ,  i n  con t r a s t  t o  t he  l a r g e  
apparent s i z e  ind ica ted  by  RT. A sec t ion  o f t h e  motor case containing t h e  de- 
f e c t  w a s  shipped t o  t h e  U. s. Naval Research Laboratory. Again, UT w a s  used t o  
ioca t e  t n e  suspected defect.  A t e n s i l e  specimen was cu t  wlth t h e  apparent po- 
s i t i o n  of t h e  2efec t  i n  the  middle of a 4-inch-w:fie t e s t  section. Ins tead  of 
t h e  failure o r ig ina t ing  a t  t h e  defec t  indicated by UT, t h e  f a i l u r e  or ig ina ted  
from a defect t h a t  w a s  displaced from the  center of t he  specimen and not i nd i -  
cated by UT inspec t ion  a t  t h e  Naval Sesearch ljlboratory, as shown i n  f igure  13. 
The f a i l u r e  o r i g i n  defec t  w a s  approximately 0.6 inch long and 0.12 inch wide 
and s imi l a r  i n  appearance t o  t h e  clean origifi i n  weld W7/302. Af te r  t h e  ten-  
s i l e  t e s t ,  t he  radiograph w a s  again examined and it w a s  determined t h a t  t h e  
f r a c t u r e  o r ig in  had, indeed, been indicated on t h e  radiograph, b u t  it w a s  not 
indicated by UT. 
found. I n  the  sec t ion  Nondestructive Testing S e n s i t i v i t y  Evaluation it i s  
shown that, f o r  fatigue-cracked specimens, UT i s  much more s e n s i t i v e  than RT 
f o r  f ind ing  surface cracks. On f i r s t  thought, it would the re fo re  seem s t range  
t h a t  t h e  defec t  i n  t h e  W7/101 weld w a s  not indicated by UT as r e a d i l y  as it w a s  
b y  RT. 
he lp  c l a r i f y  t h e  reason f o r  surface cracks t o  be detected more e a s i l y  than sub- 
merged cracks. 

This defec t  a r ea  w a s  i n v e s t i -  

The defec t  t h a t  w a s  g i v i n g t h e  UT response has not been 

A b r i e f  descr ip t ion  of t h e  mechanics of defec t  de tec t ion  by U T  w i l l  

Cracks t h a t  a r e  approximately normal t o  t h e  surface are detected by UT by  
transmission of pulsed waves of acous t ic  e n e r a  i n t o  t h e  p l a t e  a t  an oblique 
angle, as i l l u s t r a t e d  r a t h e r  i d e a l i s t i c a l l y  in  f igu re  17.  
wave i n t e r s e c t s  a defec t ,  t he  wave is  re f lec ted .  If t h i s  r e f l e c t e d  wave r e -  
t u rns  t o  t h e  transducer,  t he  r e f l e c t e d  s igna l  can be  observed on an o s c l l l o -  
scope. Figures 17(a)  and (b)  show t h a t  defects near t h e  surface r e a d i l y  r e -  

When t h e  t ransmi t ted  
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f l e e t  the energy waves back t o  t h e  t ransmi t te r .  It i s  possible ,  however, f o r  . 
ref lected waves from submerged defec ts  t o  miss the  t ransducer  as i l l u s t r a t e d  i n  
f igu re  17(c) s o  t h a t  t h e  defec t  may not  be detected.  
s c a t t e r  much more than i l l u s t r a t e d  i n  f igu re  17, b u t  t h e  use of s ing le  t r ans -  
ducers may not permit detect ion of a l l  submerged defec ts  i n  r e l a t i v e l y  th i ck  
p la te .  It appears t h a t  t h e  defec t  i n  the  W7/L01 weld may have been missed f o r  
t h i s  reason. In  addi t ion,  very t i g h t  cracks may not be de tec tab le  i n  a l l  cases 
by UT. It has been determined t h a t  when accura te ly  machined gage blocks a r e  
held closely together ,  t he  s igna l  obtained from UT t h a t  ind ica tes  t he  discon- 
t i nu i tybe tween  the  blocks i s  qu i t e  low. Very t i g h t  cracks a re  not de tec tab le  
by  RT e i ther .  It therefore  appears possible  t o  have submerged cracks of a type 
similar t o  the  clean or ig in  t h a t  may not be de tec tab le  by present ly  available 
nondestructive t e s t i n g  techniques. 

Reflect ions genera l ly  

The lessons learned from both t h e  o r i g i n a l  and re inspec t ion  of weld areas 
before  and a f te r  the  hydrotest  failure are: (1) re inspec t ion  of welds by NDT 
i s  required a f t e r  aging as indicated by t h e  number of defec ts  t h a t  were found - 
a t  lea.st  some of which were present  a t  t he  time of inspect ion p r i o r  t o  aging, 
but were not  detected a t  t h a t  t i m e ;  ( 2 )  a l l  appl icable  NDT inspect ion techni-  
ques must be  u t i l i z e d  s ince no s ing le  one i s  i n f a l l i b l e ,  as indicated by t h e  
very carefu l ly  inspected defec t  i n  t h e  W7/101 weld where conf l i c t ing  informa- 
t i o n  was obtained by RT and UT; and (3)  it appears possible  t o  have submerged 
defec ts  within welds t h a t  are not  de tec tab le  by NDT methods now ava i lab le .  

Nondestructive Testing S e n s i t i v i t y  Evaluation 

No indica t ion  of the  exis tence of e i t h e r  t he  clean or t h e  black o r ig in  had 
been obtained from t h e  nondestructive inspection of t h e  W7/302 weld region t h a t  
followed t h e  experimental TIG r epa i r  welding. 
inspected by  radiography on t h e  day a f t e r  t h e  r epa i r s  were made, by dye pene- 
t r a n t  l w e e k  and 1 9  weeks l a t e r ,  and u l t r a son ica l ly  1 6  weeks a f t e r  making t h e  
repa i rs .  The procedures followed were those described ear l ier  i n  t h e  sec t ion  
Nondestructive Testing. These inspect ions were conducted before  t h e  aging hea t  
treatment of t h e  pa r t ,  and no fu r the r  inspect ion w a s  conducted a f t e r  aging, 
which was approximately 20 weeks a f t e r  t h e  TIC r epa i r s  were made on t h e  W7/302 
weld. Under these  circumstances it w a s  considered important t o  a sce r t a in  the  
s e n s i t i v i t y  of radiographic (RT) and u l t r a son ic  (UT) procedures f o r  de tec t ing  
cracks (as dis t inguished from t h e  usual  penetrameter or  ca l ib ra t ion  notch 
s e n s i t i v i t i e s ) .  
motor case p l a t e  stock a t  t he  NASA Lewis Research Center. One of these  p l a t e s  
was a blank, and each of t he  others  w a s  provided with a surface fa t igue  crack. 
The f i v e  p l a t e s  were c i r cu la t ed  f o r  e i t h e r  RT or UT or both by  each of t he  f o l -  
lowing organizations:  

The TIG r e p a i r  regions had been 

For t h i s  purpose, f ive  small t e s t  p l a t e s  were prepared from 

(a)  Newport News Shipbuilding and Dry Dock Company (RT and UT) 

(b )  Sun Shipbuilding and Dry Dock Company (RT and UT) 

( e )  U. S. Naval Ordnance Laboratory (RT only) 
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(d) U. S. Naval Research Laboratory (UT only) 

( e )  NASA L e w i s  Research Center (UT only) 

The tes t  p l a t e s  were each about 12  inches long, 3 inches wide, and 
0 .7  inch th i ck ,  and were aged a t  900' F f o r  3 hours before  f a t igue  cracking. 
The surface f a t i g u e  cracks were generated from small c rack-s ta r te r  notches, 
loca ted  a t  the centers  of t he  p l a t e  faces ,  by repeated cant i lever  bending s o  
t h a t  t h e  nominal maximum f i b e r  s t r e s s  w a s  approximately one-half the  y i e ld  
s t rength.  
p l a t e  surface with a microscope mounted on a micrometer s l i de .  
t i o n  of f a t i g u e  cracking, t he  faces  of t h e  plates were ground t o  remove any 
t r a c e  of t he  starter notches. It w a s  s t i l l  possible ,  however, t o  de t ec t  t he  
crack t r a c e s  v i s u a l l y  under proper i l lumination. 
t e c t a b l e  by  l i q u i d  penetrant o r  magnetic p a r t i c l e  methods, and t h e  t e s t  p l a t e s  
were not  intended t o  be  used f o r  evaluat ing these  methods. 

The s i z e  of each crack w a s  control led by observing the length a t  t h e  
A f t e r  comple- 

The cracks were r e a d i l y  de- 

A f t e r  t he  p l a t e s  had been c i rcu la ted  t o  a l l  f i v e  pa r t i c ipan t s  f o r  inspec- 
t i o n ,  they  were aged i n  a i r  a t  900° F f o r  l h o u r  with t h e  object  of heat  t i n t -  
i ng  t h e  crack surfaces.  They were then cooled with l i q u i d  nitrogen and broken 
i n  tens ion  t o  r evea l  t h e  cracks, which are shown i n  figure 18. The purpose of 
cooling with l i q u i d  ni t rogen w a s  simply t o  enhance the  b r i t t l e n e s s  of t h e  f r a c -  
t u r e  so t h a t  t h e  cracks would be r ead i ly  dis t inguishable  i n  the photographs. 
These cracks are perpendicular t o  the  long axes of t he  p l a t e s ,  extending i n t o  
t h e  p l a t e  thickness  from t h e  center  of one face. 

The dimensions of crack C ( f ig .  18) are  about t he  same as those i n  t h e  
standard part-through-crack specimens used for evaluat ing toughness of t es t  
mo&files r e p r e s e n t k g  motor case r a t e r i a l  throughmt t h e  c m r s e  of fabr ica t ion .  
Sased on penetrameter and ca l ib ra t ion  notch s e n s i t i v i t i e s ,  it w a s  assumed t h a t  
cracks of t h i s  s i z e  and l a r g e r  would be detectable  with a high degree of confi-  
dence by the  inspect ion procedures. To provide some indica t ion  of t h e  r e l a t i v e  
s e v e r i t i e s  of t he  cracks i n  the  t e s t  panels? t h e  ca lcu la ted  f r ac tu re  s t r e s ses  
f o r  a K I ~  
180 000 p s i  f o r  C, 147 000 p s i  f o r  D, and 105 000 p s i  f o r  E. 
values t h e  f r a c t u r e  s t r e s ses  would be  proportionate. 

f r a c t u r e  toughness of 50 000 psi- a r e  210 000 p s i  f o r  B, 
For other K I ~  

The r e s u l t s  of t h e  cooperative inspection program did not  j u s t i f y  t h e  con- 
fidence t h a t  had been placed i n  t h e  a b i l i t y  of RT and UT t o  de t ec t  cracks. 
None of t h e  radiographs obtained by t h e  three organizations t h a t  used t h i s  
method showed a r e j ec t ab le  ind ica t ion  of any of  t h e  cracks. I n  two cases,  
f a i n t  ind ica t ions  of what appeared t o  be a crack were discernable  i n  the  cor- 
r e c t  l oca t ion  i n  p l a t e  E, bu t  it i s  doubtful t h a t  t hese  indicat ions would have 
been not iced i n  the  normal course of t he  radiographic inspect ion procedure. 
The r epor t  by Newport N e w s  s t r e s sed  the  point t h a t ,  under no circumstances, 
could the  ind ica t ion  t h a t  t hey  obtained f o r  p l a t e  E be construed as a r e j ec t ab le  
radiographic indicat ion.  

The u l t r a son ic  methods proved t o  be somewhat more successful  i n  de tec t ing  
t h e  cracks. The two shipbuilding companies and t h e  U. S. Naval Research Labo- 
r a t o r y  employed u l t rasonic  t e s t i n g  a t  a leve l  of s e n s i t i v i t y  equivalent t o  t h a t  
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specif ied f o r  the  inspect ion of t he  motor case. This spec i f ied  l e v e l  of s ens i -  
t i v i t y  was l imited by t h e  need t o  keep ind ica t ions  r e f l ec t ed  from the  weld 
center l ine  grain s t ruc tu re  t o  a reasonably low leve l .  A s  a matter of i n t e r e s t ,  
t h e  U. S. Naval Research Laboratory repeated t h e i r  inspect ion of t h e  t e s t  
p l a t e s  a t  a higher l e v e l  of s e n s i t i v i t y ,  and t h e  NASA Lewis Research Center 
a l s o  inspected the  p l a t e s  with experimental equipment of high s e n s i t i v i t y  t h a t  
w a s  designed f o r  research s tudies  of f a t i g u e  crack growth. These high sens i -  
t i v i t y  methods employed 5-megacycle c rys t a l s .  I n  both  csses ,  a l l  t h e  cracks 
were detected b y  t h e  h igh - sens i t i v i ty  equipment, b u t  it would be  unwise t o  as- 
sume tha t  t h i s  s e n s i t i v i t y  could always be  put t o  p r a c t i c a l  use i n  shop t e s t i n g  
of weld regions. 

The th ree  pa r t i c ipan t s  t h a t  used u l t r a son ic  inspect ion a t  t h e  s e n s i t i v i t y  
l e v e l  employed during motor case f ab r i ca t ion  a l l  detected crack E as a r e j e c -  
t a b l e  defect.  Crack D w a s  reported as r e j ec t ab le  by one pa r t i c ipan t ,  not  re- 
j ec t ab le  b y  another, and not detected by t h e  t h i r d .  Cracks B and C were re- 
ported as not  r e j e c t a b l e  by one pa r t i c ipan t  and not  detected by  t h e  other  two. 
Thus, the u l t r a son ic  method a t  t h e  spec i f ied  s e n s i t i v i t y  appears t o  be r e l i a b l e  
f o r  detect ing cracks of s i z e  E and l a rge r ,  bu t  doubtful  f o r  cracks of smaller 
s ize .  Since t h e  clean and black f r a c t u r e  or ig ins  were both l a r g e r  than 
crack E, t h e  question of why these  or ig ins  were not  discovered by UT inspect ion 
i s  s t i l l  n o t  resolved. If t he  o r ig ins  ex is ted  as d e f i n i t e  d i scon t inu i t i e s  a t  
t h e  time t h e  UT was conducted, t h e  gaps between t h e i r  mating surfaces  must have 
been considerably l e s s  than t h e  gaps between t h e  sur faces  of the  f a t igue  cracks 
i n  t h e  t e s t  p la tes .  Since t h e  clean o r i g i n  w a s  e n t i r e l y  subsurface and t h e  
black or igin almost e n t i r e l y  so,  the  p o s s i b i l i t y  cannot be dismissed t h a t  they  
were present i n  t h e  form of very t i g h t  cracks a t  t h e  time of t he  UT inspection. 

The r e s u l t s  of t h i s  nondestructive t e s t i n g  s e n s i t i v i t y  evaluat ion program 
were somewhat confounded by the  inspect ions o f  the defect  i n  the  W7/101 weld 
discussed i n  t h e  sec t ion  Reinspection of Weld Areas A f t e r  Hydrotest Fa i lure .  
This defect  is  shown i n  f igu re  13, near  one edge of the  f r a c t u r e  surface of t he  
tens ion  specimen taken longi tudina l ly  from the weld region. 
about 0 . 6  inch long and 0 .12  inch wide - somewhat l a r g e r  than t h e  crack i n  t e s t  
p l a t e  E. 
t h a t  w e l d  was close t o  t h e  edge of t he  4-inch-wide t e s t  sec t ion  of t h e  tens ion  
specimen. The defec t  i s  c loser  t o  the  outer  surface than t o  t h e  inner  surface 
of t he  weld, and t h e r e  were two TIG weld r e p a i r  a reas  on t h e  outer  surface t h a t  
in te rsec ted  a t  t he  pos i t ion  of t h e  defect .  

The defec t  i s  

It i s  a c t u a l l y  located near t he  cen te r l ine  of t he  subarc weld, bu t  

O f  t he  radiographs taken of t h i s  region a f t e r  t h e  hydrotest  f a i l u r e ,  two 
taken with the  source on the  outer  s ide  of the  weld showed t h e  defec t  d i s -  
t i n c t l y ,  b u t  a t h i r d ,  taken from the  o ther  s ide  of t h e  weld, showed only a 
vague indicat ion.  Ra.diographs taken i n  August and September of 1964, p r i o r  t o  
t h e  hydrotest ,  showed no ind ica t ion  i n  t h i s  region. A s  mentioned e a r l i e r ,  t h e  
UT examinations conducted a f t e r  t h e  hydrotest  did not  give ind ica t ions  of r e -  
j ec t ab le  s ize .  

The f a c t  t h a t  t h i s  defec t  w a s  detected by RT af ter  t h e  hydrotest  f a i l u r e ,  
bu t  w a s  not detected some months e a r l i e r  by  t h e  same means, should be  consid- 
ered i n  r e l a t i o n  t o  the  f a c t  t h a t  t h e  somewhat smaller crack i n  t e s t  p l a t e  E 
could not b e  detected d e f i n i t e l y  by  radiography, although it w a s  unquestionably 



present.  
of radiography f o r  de tec t ing  cracks depends very s t rongly on t h e  gaps between 

Between prehydrotest  and post- 
hydrotest  inspection the re  must have been an increase i n  t h e  s i z e  of the  gap 
i n  the  defec t  i n  t h e  W7/101 weld s u f f i c i e n t  t o  make it detectable.  

The most reasonable explanation would seem t o  be t h a t  t h e  s e n s i t i v i t y  

t h e  crack faces  as wel l  as crack or ientat ion.  

The main conclusion t o  be  drawn from t h i s  minimal, exploratory program of 
evaluat ion of nondestructive inspect ion s e n s i t i v i t y  i s  t h a t  t he re  i s  a ser ious 
and urgent need f o r  a much more comprehensive evaluation program. 

SuMbIARY OF FINDING§ 

The s ign i f i can t  f indings from t h e  hydrotest f a i l u r e  of t h e  Thiokol 
Chemical Corporation 260-inch-diameter motor case can be summarized as follows: 

1. The f a i l u r e  or iginated from an undetected defect  i n  a region of t he  
heat-affected zone of t h e  W7/302 longi tudinal  weld that had been covered by a 
manual TIG r epa i r  weld. The defect,  which was submerged within t h e  vesse l  wal l  
and or iented longi tudinal ly ,  w a s  approximately 1.4-inches long and had a width 
of about 0.10 inch. 

2. A second undetected defect  associated with the  W7/302 weld w a s  involved 
as a secondary f r ac tu re  origin.  This defect w a s  a l s o  located beneath a TIG 
repair weld. 
t ransverse ly  s o  that t h e  nominal s t r e s s  act ing across it w a s  only about one- 
ha l f  t h a t  ac t ing  across  the  primary or igin.  
o r ig in ,  f r a c t u r e  might have or iginated from t h i s  secondary o r ig in  a t  a pressure 
c loser  t o  the  intended proof pressure. 

It w a s  somewhat l a rge r  than the primary or igin,  b u t  w a s  or iented 

I n  t h e  absence of t h e  primary 

3. Three other undetected defec ts  were discovered under manual TIG repair 
welds when t h e  weld regions were reinspected by nondestructive t e s t  methods 
after t h e  f a i l u r e .  
weld. 
t h i s  defec t  f rac tured  a t  a gross stress of 115 000 psi .  The other  two defects  
of subs t an t i a l  s i z e  were submerged under a T I G  weld r e p a i r  t o  the  W6/3 TIG 
we Id.  

One of these defec ts  was t ransverse t o  t h e  W7/101 subarc 
A l a rge  tension specimen that was tes ted  t o  determine t h e  seve r i ty  of 

4. The assoc ia t ion  of severe defec ts  with four  separate  TIG weld r epa i r  
regions s t rongly  suggests that t h e  formation of these defects  was  a consequence 
of t h e  TIG repair welding over a grain-coarsened mater ia l  s t ruc tu re  r e s u l t i n g  
from t h e  high thermal input  of t h e  welding processes used. 
anism of formation of t h e  defec ts  has not  been establ ished because an extensive 
research program would probably be required f o r  t h i s  purpose. 

The de ta i l ed  mech- 

5. The f r a c t u r e  toughness of t he  submerged arc  welds i n  t h i s  250 grade 
maraging s teel  motor case w a s  inadequate t o  t o l e r a t e  crack-like defec ts  as 
la rge  as those t h a t  ac tua l ly  occurred i n  the motor case. It had been believed 
previously t h a t  much smaller defec ts  couldbe  detected with high r e l i a b i l i t y  
by t h e  nondestructive inspection procedures t h a t  were used. The f r ac tu re  
toughness would have been s u f f i c i e n t  t o  to l e ra t e  defects  of a s i z e  t h a t  had 
been considered t o  be detectable .  
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6. Because none of the critical defects had been discovered by nondestruc- 
tive testing prior to the hydrotest, a limited investigation was undertaken to 
ascertain the sensitivity of radiographic and ultrasonic procedures in detect- 
ing cracks. The results of this study showed that the NDT methods as used in 
motor case inspection are much less sensitive and reliable than had been ex- 
pected, and that there is more to be learned about nondestructive inspection 
for the detection of cracks. The criticality of the sensitivity of inspection 
depends, of course, on the toughness of the materials involved. In the pres- 
ent state-of-the-art, the materials and welding processes selected should pro- 
vide the highest attainable toughness consistent with the requirements of the 
application. In general, the tougher materials will be among those that have 
the lower yield strengths consistent with the requirements of the application. 
The sensitivity of the nondestructive inspection procedures should be evaluated 
for any specific application in relation to the toughness of the materials 
used. 

7. For new motor case projects it is recommended that the sensitivity of 
the selected nondestructive testing procedures be thoroughly evaluated to de- 
termine if defects of a critical size for the design loads and materials used 
can be detected with confidence. 

8. There is a possibility that the defects that were not detected during 
the inspection of the motor case prior to aging might have been detected if the 
motor case had been reinspected just before hydrotest. 
may have caused the defects to "open up" and thus become more detectable. It 
is therefore recommended that pressure vessels that are to be hydrotested 
should be thoroughly inspected immediately prior to the hydrotest, regardless 
of any previous inspections that may have been performed. 

The aging heat treatment 

9. There is no evidence that any external factors or inadvertent loads 
contributed to the failure. It was a straightforward example of the weakening 
of a structure by a severe flaw. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 19, 1965. 
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APPENDIX A 

METALLOGRAPHIC EXAMINATION OF FRAC?I'URE ORIGIN SITES 

by A. J. Baker, A. J Birkle ,  P. S. Trozzo, and R. P. Wei, 
of t h e  Applied Research Laboratory, U. S. S t e e l  Corporation 

Figure 19 shows t h e  pieces t h a t  were cut from t h e  fragments of t he  SL-1 
rocke t  motor case f o r  examination a t  the  U. S. S t e e l  Applied Research Labor- 
atory.  
parallel t o  the W7/302 longi tudina l  weld a t  a d is tance  of about 18 inches on 
e i t h e r  side.  The ind iv idua l  fragments are iden t i f i ed  i n  t h i s  r epor t  by t h e  
numbers shown i n  figure 19. 

The cu t s  w e r e  made along t h e  W8/3 and W9/23 circumferent ia l  welds, and 

Immediately after t h e  f r a c t u r e  fragments were received, t h e  f r a c t u r e  sur- 
faces  around t h e  two defec ts  and on fragments 2 and 5 were photographed. 
Faxfilm r e p l i c a s  of t h e  defect  areas  were prepared f o r  f ractographic  examina- 
t i on .  Pieces containing t h e  two defects  were then cu t  (sawed dry)  from the  
fragments and prepared f o r  metallographic examination and f o r  X-ray d i f f r a c t i o n  
and electron-microprobe analyses. Pr ior  t o  cu t t ing ,  p l a s t i c  cas t s  of one of 
t h e  f r a c t u r e  surfaces  i n  each defec t  region were made by using s i l i cone  rubber 
molds . 

Since t h e  surfaces  of t h e  two defec ts  were damaged t o  varying degrees, it 
was necessary t o  sec t ion  mating portions of each defect .  A region halfway be- 
tween the two defec ts  ( f ig .  19) w a s  taken t o  be representa t ive  of f r a c t u r e  
along t h e  longi tudina l  weldment and w a s  selected for metallographic examination 
t o  determine t h e  loca t ion  of t he  f r a c t u r e  path. 

Clean Defect 

Figure 2 0  shows pnotomacrographs of t h e  Inner s-urface of t h e  motor case, 
t he  f r a c t u r e  surfaces ,  and severa l  t ransverse sect ions i n  the  clean defec t  re- 
gion. The c i r c l e d  numeral denotes t h e  nondestructive t e s t  (NET) s t a t i o n  number 
scr ibed on t h e  motor case. Figure 20(a) shows t h e  presence of a multipass TIG 
weld r e p a i r  over t h e  fus ion  l i n e  of t he  subarc weld. The TIG weld deposi t  w a s  
predominantly i n  fragment 2. 

The t ransverse  sec t iona l  views i n  figure 2 0  shows t h a t  t h e  clean defec t  
( t h e  upper and lower boundaries of which are denoted by  t h e  black marks i n  t h e  
sec t ion  B-B views) w a s  located i n  t h e  grain-coarsened region of t he  subarc weld 
heat-affected zone (HAZ) j u s t  below t h e  dark e tch ing  band of t h e  T I G  r e p a i r  
w e l d .  The forward terminus of t h e  clean defect corresponded approximately with 
one end of t h e  TIG r e p a i r  weld ( f i g .  20(a) ) .  I ts  a f t  terminus conformed t o  t h e  
dark etching bands of both t h e  subarc and T I G  weld ( f ig .  20( a) ,  sec t ion  A-A). 

Previous inves t iga t ions  ( r e f .  6 )  have shown t h a t  t h e  dark etching zones 
a r e  regions of maximum aus t en i t e  revers ion t h a t  exh ib i t  high f r a c t u r e  toughness 
a t  a somewhat reduced s t rength  leve l .  The dark etching bands correspond t o  re- 
gions t h a t  have experienced a maximum temperature i n  t h e  range of 1200' t o  
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1300° F during t h e  welding cycle. 
t h e  fusion l i n e  have experienced temperatures ranging from approximately 1300° 
t o  2700° F, and thus these  regions were r e -aus t en i t i zed  and grain-coarsened t o  
varying degrees. Regions outside t h e  dark e tch ing  bands, having reached maxi- 
mum temperatures l e s s  than 1200' F, were aged t o  d i f f e r e n t  ex ten ts .  

Regions between t h e  dark e tch ing  bands and 

Figure 2 1  shows f r ac tu re  p r o f i l e s  i n  t h e  clean defec t  region. Figure 21(a) 
shows a f r ac tu re  p r o f i l e  from near t h e  center  of t h e  clean defec t  proper and i s  
representa t ive  of t h e  por t ion  of t h e  de fec t  t h a t  has a c r y s t a l l i n e  appearance. 
The grain-coarsened s t r u c t u r e  i s  evident. Fracture within t h e  a rea  of t h e  de- 
f e c t  proper w a s  predominantly in te rgranular ,  t h a t  i s ,  along t h e  g ra in  bound- 
a r i e s  of t h e  coarsened grains.  Regions below t h e  clean defec t  exhib i ted  t r a n s -  
granular cracking with "duct i le"  t e a r i n g  t y p i c a l  of maraging s t e e l s  (ref.  7, 
f i g .  21(b) ) .  A secondary crack perpendicular t o  t h e  main f r a c t u r e  sur face  a l s o  
appears in f igu re  21(b). 

Fractographic r e s u l t s  confirmed t h e  l i g h t  microscopy observations. Fig- 
ure 2 2 ( a )  shows predominantly grain-boundary f r a c t u r e  i n  t h e  region of t h e  clean 
defect.  Away from the  clean defec t ,  t h e  f r a c t u r e  appears t o  be i n t e r d e n d r i t i c  
through the subarc weld metal ( f i g .  22(b) )  and shows a more d u c t i l e ,  "dimpled" 
type failure i n  the  f i n e r  grained r e -aus t en i t i zed  region of t h e  HAZ of t h e  base 
p l a t e  ( f ig .  2 2 ( c ) ) .  

Extraction fractographs over t h e  clean defec t  were made i n  an attempt t o  
a sce r t a in  t h e  poss ib le  presence of embr i t t l i ng  cons t i tuents .  
of t h e  long exposure t o  atmosphere (approximately 1 month had elapsed before 
the  fragments were received f o r  labora tory  inves t iga t ion ) ,  t h e  f r a c t u r e  sur -  
faces  were too  badly contaminated t o  y i e ld  d e f i n i t i v e  r e s u l t s .  

However, because 

Replication e l ec t ron  micrographs ( f i g s .  2 3  and 24) taken i n  t h e  region of 
t he  clean de fec t  show microstructures t y p i c a l  of subarc weldments. Figure 23 
shows representa t ive  microstructure i n  the  grain-coarsened zone ly ing  d i r e c t l y  
behind t h e  clean defect.  Figure 24 shows t h e  microstructure i n  a region ad ja-  
cent t o  the subarc weld fus ion  zone; it contains a s i g n i f i c a n t  amount of r e -  
ver ted  aus ten i te ,  mainly a t  gra in  boundaries. The p r i o r  aus t en i t e  boundaries - 
and t o  some extent,  t he  martensite p l a t e  boundaries - show an enhanced etching 
cha rac t e r i s t i c ,  which suggests t h a t  t h e  grain-coarsened HAZ of t h e  base p l a t e  
experienced some embrittlement ( r e f .  6) as a r e s u l t  of t h e  thermal cycles t h a t  
occurred during welding and weld r e p a i r .  Additional inves t iga t ions  would be  
necessary t o  confirm t h i s  observation. 

These metallographic observations ind ica t e  t h a t  t h e  clean defec t  occurred 
i n  t h e  grain-coarsened region of t h e  base p l a t e  i n  t h e  subarc weld HAZ, and w a s  
loca ted  d i r e c t l y  under a region of TIG r e p a i r  welding; one edge of t h e  defec t  
coincided w i t h  t h e  dark e tch ing  band of t he  TIG weld. Fracture i n  the  defec t  
a r ea  w a s  mainly in te rgranular .  Without f u r t h e r  research on specimens repre- 
s en t ing  a l l  s tages  of t he  thermal h i s t o r y  of t h e  weldment, it i s  only poss ib le  
t o  speculate on t h e  process of formation of the  clean defect.  During subarc 
welding, a coarse-grained, b r i t t l e  zone w a s  created adjacent t o  t h e  weld-metal 
deposit .  The embrittlement r eac t ion  would be akin t o  the  embrittlement of 
maraging s t e e l s  produced by  hea t ing  t o  2200' F, cooling, and holding a t  1400' F 
( r e f .  8 )  except f o r  t h e  higher temperatures encountered and t h e  much shor t e r  
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t i m e '  a t  temperature. Intergranular  cracking of t h i s  grain-coarsened region w a s  
probably produced by t h e  thermal and/or transformation s t r e s s e s  associated with 
t h e  T I G  r epa i r  welding. The proximity of t he  forward end of t h e  clean defec t  
t o  t h e  f r o n t  edge of t he  T I G  r e p a i r  weld tends t o  support t h i s  hypothesis. 
However, t h e  p o s s i b i l i t y  that t h e  f l a w  originated during the  aging process 
cannot be ru led  out. 
v ia ted  i n t o  t h e  tougher rever ted zone and was  thus arrested.  

For reasons not understood, t h e  a f t  end of t h e  defec t  de- 

Black Defect 

Figure 25 shows a photomacrograph of the  inner surface of t h e  motor case 
i n  t h e  region containing t h e  black defect.  The main l i n e  of t he  subarc weld 
can be seen, with t h e  general  fea tures  of a T I G  r epa i r  superimposed on it. The 
apparent surface cracking along t h e  l e f t  s ide of the  main f r ac tu re  w a s  caused 
by t h e  macroetching procedure. The black defect l i es  t ransverse t o  t h e  subarc 
weld, on t h e  face B-B, a t  t h e  point  where the main f r ac tu re  i n t e r s e c t s  t h a t  
section. The general  fea tures  of the  defect  are shown i n  sec t ion  B-B given i n  
figure 26. A polished cross sect ion A-A provides a comparison between the  
black-defect f r ac tu re  surface and t h e  underlying macrostructure ( f ig .  26). 
This cross  sec t ion  w a s  taken outside t h e  region of t h e  r epa i r  and consequently 
shows only t h e  features of t h e  subarc weld. Section C-C i n  f igu re  26 provides 
a b e t t e r  representat ion of t he  s t ruc ture  i n  the  black-defect region, although 
t h e  penetrat ion of t he  TIG repair i s  grea te r  i n  t h i s  sect ion than i n  the  plane 
of t he  51ack defect  proper. 

'The black defect  ~0116ists of a i - e g l G i i  ca-ered v l t h  a black f i b ,  with 
f r a c t u r e  l i n e s  r ad ia t ing  from it. The defect has an L-shape, and a t  one point  
extends t o  the  outer surface of t h e  motor case through a region of the  base 
p l a t e  adjacent t o  t h e  dark etching band of the subarc w e l d  HAZ. The blackened 
region extends. from one s ide  of t h e  subarc weld completely across  the  weld 
metal t o  t h e  base metal on the  other s ide .  The markings of t he  columnar so l id -  
i f i c a t i o n  pa t t e rn  of t h e  subarc weld metal are c l e a r l y  v i s i b l e  i n  t h e  black- 
defect  a rea  of t he  f r ac tu re  surface.  ' Jz r ioz  s e c t l s z s  t r a x v e r s e  t o  the  black 
defect  and p a r a l l e l  t o  t h e  main f r ac tu re  path a r e  shown i n  f igure  27. The 
t ransverse  sec t ions  (D-D t o  G-G) show t h a t  the e n t i r e  length of t h e  black de- 
f e c t  ( t he  boundaries of which are indicated by the  black marks) i s  located 
immediately below t h e  dark etching band of the TIG repa i r .  The crack i n  sec- 
t i o n  G-G can a l s o  be  seen i n  the surface macrograph ( f ig .  25) and was probably 
generated during t h e  case failure. 
no f l a w  s i m i l a r  t o  t h e  black defec t  exists a t  t h e  a f t  end of t he  TIG repa i rs .  

The p a r a l l e l  sect ions H-H and 1-1 show t h a t  

Figure 28 shows f r ac tu re  p ro f i l e s  through the  black-defect surface. The 
black l aye r  between the  s teel  and the  nickel  p l a t e  i n  figure 28(a) i s  a p l a s t i c  
mounting compound t h a t  seeped under t h e  loose n i cke l  coating during metallo- 
graphic mounting. Figures 28(a) and ( b ) ,  which were taken from sect ion E-E i n  
figure 27, show the  p r o f i l e  of t h e  grain-coarsened base p l a t e  i n  the  region of 
t h e  subarc weld HAZ. Figures 28(c)  and ( d ) ,  which were taken from sec t ion  D-D 
i n  f igu re  27, show a region of base p l a t e  outside the  subarc weld HAZ. 

The f r a c t u r e  path i n  the  black defect  i tself  appears t o  be intergranular ,  
and the re  i s  evidence of grain-boundary cracking perpendicular t o  t h e  main 
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Fracture.  
s ide  the  black-defect area,  the  f r ac tu re  path has a more duc t i l e ,  t ransgranular  
appearance. 

The grain s t ruc tu re  v i s i b l e  i s  t h a t  of t he  p r io r  aus ten i te .  Out-. 

Extract  i on 

Weta 
Dryb 

Fractographs of t h e  black-defect surface taken i n  the  various loca t ions ,  
i den t i f i ed  a s  a reas  1, 2 ,  3, 4, and 5 i n  f igu re  26, a r e  shown i n  f igu re  29. 
Areas 1 t o  3 a r e  located within the  black defec t  i t s e l f ,  and the  fractographs 
( f i g s .  2 9 ( a )  t o  ( e ) )  show a general ly  f l a t ,  in te rgranular  appearance. Various 
f ine-scale  surface fea tures  a r e  v i s i b l e  i n  f igu res  29 (a )  t o  ( c ) ,  bu t  the pres- 
ence of the black surface f i l m  prevents any de ta i l ed  in t e rp re t a t ion .  Area 4 
( f i g .  29 (d ) ) ,  which l i e s  i n  the subarc weld metal bu t  outs ide the  black defec t ,  
exh ib i t s  a somewhat more d u c t i l e  appearance. Area 5 ( f i g .  2 9 ( e ) ) ,  i n  a region 
of t h e  f r ac tu re  i n  the  base p l a t e  outs ide the  black defect ,  shows a d i s t i n c t l y  
dimpled contour ind ica t ive  of d u c t i l e  f r ac tu re .  

Metal l ic  elements present ,  percent 

I ron  Nickel Molybdenum Cobalt Titanium Manganese 

87 9 3 0.5 0.5 - 
2 87 8 2 1 --- 

TABLE 11. - ANALYSIS OF FILM ON BLACK O R I G I N  

( a )  X-ray d i f f r a c t i o n  ana lys i s  

0 

Lat t i ce  spacing, d, A 

Fe203 Sample 

3. 67 
2 .96  
2.69 
2.52 
2.20 
2.02 
1.86 
1.83 
1 . 7 7  
1 .68 
1.59 

Relat ive 
s e n s i t i v i t y ,  

1/10 

vvw 
vw 

M 
M 
W 
VS 
vw 
vvw 
W 
W 
vw 

( b )  Electron-probe ana lys i s  
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The HAZ of t h e  base p l a t e  was examined a t  high magnification by r e p l i c a  

aus t en i t e  boundaries - and t o  some extent ,  the martensite p l a t e  boundaries - 
show an enhanced etching c h a r a c t e r i s t i c  and some evidence of second-phase p a r t i -  
c l e s ,  possibly aus t en i t e  and/or T i c  (ref. 6). These observations support t h e  
conclusion that t h e  HAZ of the  base p l a t e  experienced some embrittlement as a 
r e s u l t  of t h e  thermal cycles that occurred during welding and weld repa i r .  

. microscopy; f igu re  30 shows t y p i c a l  areas  near t he  black defect .  The pr ior  

The black f i l m  on the  surface of the  black defec t  was examined by X-ray 
and e l ec t ron -d i f f r ac t ion  techniques. The X-ray d i f f r a c t i o n  d-spacings and rel- 
a t i v e  i n t e n s i t i e s ,  obtained by a glancing-angle technique on a bulk sample, a r e  
given i n  t a b l e  II(a). 
Elec t ron-d i f f rac t ion  ana lys i s  of p a r t i c l e s  of t he  surface f i l m ,  dry-stripped on 
r ep l i cas ,  confirmed the  X-ray d i f f r a c t i o n  r e su l t .  An electron-microprobe anal-  
y s i s  ( re€ .  9) of t h e  dry-stripped oxide ( t a b l e  IS(%))  revealed the  presence of 
a l l  the  me ta l l i c  elements t o  be expected i n  an oxide formed on maraging s t e e l  
( i ron ,  nickel ,  molybdenum, cobalt ,  and titanium). However, because i ron  pre- 
dominated, some p r e f e r e n t i a l  oxidation of iron i s  indicated.  

The pa t t e rn  was t h a t  of a mixture of Fez03 and Feg04.. 

The black defect  thus consisted of an oxidized f l a w  running predominantly 
across the  subarc weld metal and t h e  grain-coarsened region of t he  subarc weld 
HAZ, below a TIG r epa i r .  The highly oxidized s t a t e  of t he  surface ind ica tes  
t h a t  the  flaw was exposed t o  the  atmosphere a t  an elevated tenperature.  It i s  
unl ike ly  t h a t  t he  oxidation resu l ted  from the hea t  of the  T I G  r e p a i r  welding 
alone because 8 corisiderzkle pcrtior,  of t h e  black defect  was located outs ide 
t h e  HAZ regions of tnese  welds, as shown i n  f i g w e  27 ( sec t ion  D-9). Became 
or t he  presence of an opening t o  the pI&e suirfzcs, soriis oxidatlor, sf the  de- 
f e c t  surface c e r t a i n l y  took place during aging a t  835O F. 

The mechanism by which the  flaw was generated cannot be d e f i n i t e l y  es tab-  
l ished.  
a l s o  the  point a t  which penetrat ion t o  t h e  surface occurred, i s  i n  the  region 
of t he  subarc weld dark etching HAZ. Since the  defec t  follows a l i n e  produced 
by the HA% of the %IG r epa i r ,  It appears t h a t  the flaw xas generzted by s t r e s s e s  
s e t  up during TIG r e p a i r  i n  a region i n  which severe microstructural  inhomo- 
geneity and gra in  coarsening occurred. 
or iginated during t h e  aging process cannot be ru led  out. 
o f  specimens from a l l  s tages  of t he  thermal h i s t o r y  of  t he  weldment would be 
necessary t o  c l a r i f y  t h i s  matter. 

The point  of o r ig in  cannot be ascer ta ined,  bu t  t he  widest area,  and 

However, the  p o s s i b i l i t y  that the  flaw 
Further inves t iga t ion  

Fracture  Path Between Primary and Secondary Origins 

Figure 31 shows t h e  appearance of t h e  f r ac tu re  along weld W7/302, approxi- 
mately midway between t h e  two defects ,  and a macrograph of a cross sect ion 
through t h e  f r a c t u r e .  
ber  scr ibed on t h e  motor case.)  The f r ac tu re  path i s  unusual i n  t h a t  it was 
not macroscopically f la t  i n  the  midthickness region. The f r ac tu re  appears t o  
be in t e rdendr i t i c  through the subarc weld metal near t he  two surfaces  of the  
weld, where t h e  dendri tes  were or iented nearly normal t o  the  weld surface.  
t he  midthickness region, t h e  f r a c t u r e  tended t o  follow t h e  tr iangular-shaped 
fusion in te r face .  

(The c i r c l e d  numeral again denotes the  NDT s t a t i o n  num- 

I n  

A t  some places,  t h e  f r ac tu re  path followed t h e  fus ion  i n t e r -  
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face  on one s ide  while t r ave r s ing  t h e  weld metal ( i n t e r d e n d r i t i c a l l y )  on t h e  
o ther  side. 

Fracture p r o f i l e s  ( f i g .  32) show a t y p i c a l  path followed by t h e  main f r a c -  
t u r e  through t h e  midthickness region of t h e  weldment ( f i g .  32 (a ) )  and near t h e  
weld surface ( f i g .  32 (b ) ) .  It i s  i n t e r e s t i n g  t o  note t h a t  t h e  f r a c t u r e  i n  t h e  
midthickness region occurred e n t i r e l y  i n  t h e  grain-coarsened zone, j u s t  ou ts ide  
t h e  subarc weld metal. The unusual path taken by t h e  f r a c t u r e  suggests t h a t  
t h i s  region possessed perhaps the  lowest f r a c t u r e  toughness i n  comparison with 
o ther  regions of t he  weldment, and consisted of an embr i t t l ed  microstructure.  

Summary 

The r e s u l t s  of t h i s  i nves t iga t ion  showed t h a t  a multipass TIG r e p a i r  weld 
i s  associated with each of t h e  two defects.  One edge of each defec t  i s  c lose ly  
associated with the  dark etching band of t h e  HAZ produced by the  TIG r e p a i r  
weld. The primary clean o r i g i n  l i e s  i n  the  grain-coarsened region of the  base 
p l a t e  i n  t h e  subarc weld HAZ. The secondary black o r i g i n  t r ave r ses  t h e  subarc 
weld metal, t h e  grain-coarsened HAZ of t h e  subarc weld, and extends some d i s -  
tance in to  t h e  base p la te .  Fracture paths i n  t h e  defec ts  themselves a r e  p r i -  
marily in te rgranular ,  along p r i o r  a u s t e n i t e  gra in  boundaries or along dendr i t -  
t i c  in te r faces  i n  t h e  subarc w e l d  metal. Fracture adjacent t o  t h e  defec ts  ex- 
h i b i t s  a more d u c t i l e  appearance, c h a r a c t e r i s t i c  of maraging s t e e l s .  The f i l m  
of black ma te r i a l  assoc ia ted  with t h e  b lack  defec t  cons i s t s  of i ron  oxide 
(both Fe203 and Fe304) with small amounts of oxides of other meta l l ic  elements 
(n i cke l ,  molybdenum, cobalt ,  and t i t an ium) .  It appears t h a t  t h e  defec ts  were 
generated by  s t r e s s e s  s e t  up during T I G  r e p a i r  i n  a region exh ib i t i ng  severe 
microstructural  inhomogeneity and gra in  coarsening. 

The f r a c t u r e  path between the  primary and secondary or ig ins  tends t o  be 
in t e rdendr i t i c  through the  subarc weld metal near t h e  two surfaces of t h e  
p l a t e ,  where the  dendrites were or ien ted  nea r ly  normal t o  the  p l a t e  surface.  
I n  t h e  midthickness region, t h e  f r a c t u r e  path conforms genera l ly  t o  t h e  fus ion  
in t e r f ace ,  and l i e s  e n t i r e l y  i n  the  grain-coarsened zone j u s t  outside t h e  sub- 
a r c  weld metal. The f r ac tu re  w a s  in te rgranular .  The unusual path taken by t h e  
f r a c t u r e  suggests t h a t  the grain-coarsened region possesses t h e  lowest f r a c t u r e  
toughness w i t h  a highly sens i t i zed  microstructure. This observation i s  con- 
s i s t e n t  with the  production of t he  two defec ts  described previously i n  j u s t  
t h i s  region of t h e  weldment. 

These r e s u l t s  suggest t h a t  t h e  high hea t  input during submerged a r c  weld- 
ing  creates gra in  coarsening and thermal embrittlement over an extensive region 
of t h e  base-plate adjacent t o  t h e  weld-metal deposit .  This region i s  suscept i -  
b l e  t o  cracking under s t r e s ses ,  such as those t h a t  a r e  generated by  subsequent 
high-temperature cycles associated with r e p a i r  welding. 
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STRESS-WAVE DmTECTION SYS’I” 

When a crack or flaw suddenly propagates i n  a motor case or other  s t r e s sed  
s t ruc tu re  it t r i g g e r s  s t r e s s  waves t h a t  rad ia te  outward from t h e  i n i t i a t i o n  
source. TWO primary types of s t r e s s  waves are generated: (1) a d i l a t i o n a l  
wave causing p a r t i c l e s  i n  the motor case w a l l  t o  move i n  a d i r ec t ion  p a r a l l e l  
t o  the  wave propagation d i rec t ion ,  and ( 2 )  a shear wave causing p a r t i c l e s  i n  
the  case w a l l  t o  move i n  a d i r ec t ion  normal t o  the  wave propagation d i rec t ion .  
The d i l a t i o n a l  wave i s  d i f f i c u l t  t o  de t ec t  with instrumentation, bu t  t h e  shear 
wave can be detected by placing small accelerometers on t h e  case w a l l  t h a t  mea- 
sure acce lera t ions  normal t o  t h e  surface of the w a l l .  By knowing the wave ve- 
l o c i t y  and measuring the  arrival times of the s t r e s s  wave by means of acce ler -  
ometers placed on the  case it i s  possible t o  determine the  or ig in  of t h e  s t r e s s  
wave by t r iangula t ion .  

The d i l a t i o n a l  wave has a ve loc i ty  of approximately 200 OOO inches per 
second, and t h e  shear wave ve loc i ty  i s  approximately 118 000 inches per second 
for maraging s t e e l .  The a c t u a l  shear wave ve loc i ty  i s  determined on the  motor 
case by  impacting t h e  case and measuring the  time f o r  t he  impact pulse t o  
propagate between adjacent accelerometers t h a t  have a known separat ion distance.  

W i n g  t h i s  invest igat ion,  24 accelerometers were located on t h e  motor 
case as shown i n  f igu re  3. k r i n g  t h z  hy&rattest t h e  c u t p ~ ~ t  from the  acce ler -  
ometers w a s  continuously i-ecordecl by multlzhmael tzpe recorders. One of t h e  
accelerometers (number 1 2 )  was a l s o  connected t o  a cathode ray  tube osc i l l o -  
scope i n  t h e  cont ro l  room t o  provide a visual disp lay  of stress-wave occur- 
rences during the  hydrotest .  Another accelerometer (number 19) was connected 
t o  an audio amplif ier  and a loudspeaker i n  the cont ro l  room t o  provide an audi- 
b l e  d i sp lay  of stress-wave occurrences. 

I n  t i e  Tina1 reduction of t he  accelerometer data  t o  determine the  s t r e s s  
wave or ig ins ,  it w a s  n e c e s s a r y t o  provide time expansion f o r  t he  recorded data. 
This time expansion w a s  obtained by reducing t h e  tape recorder playback speed 
by a f a c t o r  of 100, r e l a t i v e  t o  the  recording speed, and recording t h e  da ta  on 
an  osci l lographic  recorder with a speed of 160 inches per second t o  obtain an 
e f f e c t i v e  osci l lographic  recording speed of 16 000 inches per second. 

The accuracy by which t h e  s t r e s s  or igin can be  pinpointed i s  determined 
p r i m r i l y  by the  frequency response of t h e  instrumentation and t h e  accuracy i n  
determining the  wave propagation veloci ty .  
t e s t s  was 10 k i locyc les ,  r e s u l t i n g  i n  a time reso lu t ion  of approximately 
100 microseconds. With a l l  f a c t o r s  considered, and based on pas t  experience, 
t he  “ c i r c l e  of confusion” f o r  determining the loca t ion  of t he  s t r e s s  o r ig in  w a s  
approximately 2 0  inches i n  diameter. 

The frequency response during these  

The s t r e s s  wave detect ion system used during the  hydrotest  i s  under devel- 
opment by the  Aerojet-General Corporation, Sacramento, Under NASA cont rac t  
NAS7-310. The stress-wave detect ion t e s t s  and reduction of data  from t h e  hydro- 
t e s t  were conducted by Aerojet-General personnel. 
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The locat ions of s t r e s s  wave or ig ins  are ind ica ted  approximately i n  fig: 
ure 3. More accurate  loca t ion  of t h e  stress wave o r ig ins ,  along with t h e  ac- 
ce le ra t ion  amplitudes recorded, i s  given i n  table 111. 
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TABLE 111. - STRESS-WAVE ORIGINS 

~ ~~~ 

17 in .  l e f t  of weld W7/102 and 4 in .  

On weld W9/23 and 44 in .  r i g h t  of weld 

8 in .  a f t  of weld W8/1 and 54 in .  l e f t  of 
w e l d  W7 1102 

9 in .  a f t  of weld W9/12 and 9 in .  l e f t  
of weld W7/202 

35 in .  forward of weld W8/3 and 10 in .  
l e f t  of weld W7/302 

On weld W8/1 and 111 in.  l e f t  of weld 

48 in .  forward of weld W8/3 and 18 in .  

, 29 in .  forward of weld W8/3 and 8 in .  

forward of weld W6/1 

w7/301 

w7/101 

l e f t  of weld W7/302 

r i g h t  of weld W7/302 

Pressure , 
Psig  

2 42 

2 67 

379 

432 

49 5 

518 

518.5 

542 (Fa i lu re )  

k c e l e r a t i  on 
amplitude, 

g ' s  

7 

3 

1 

7 

0.5 

0.4 

0.2 

--- 

Stress-wave o r i g i n  
(See f i g .  7 f o r  weld loca t ions)  



APPENDIX C 

SUMMARY OF CONSULTANTS XEPORTS 

The summaries provided herein contain the general  content of t he  repor t s  

The repor t s  have been edi ted,  
by t h e  Consultants, bu t  they  a re  not d i r e c t  t r a n s c r i p t s  of the  r epor t s  sub- 
mitted t o  t h e  Fa i lure  Inves t iga t ing  Committee. 
but the in t e rp re t a t ions  of their  f indings have been preserved. 
opinions t h a t  were expressed by t h e  Consultants i n  t h e  early phases of t h e  
failure invest igat ion.  I n  some cases these  opinions d i f f e r  from those of t h e  
Fa i lure  Inves t iga t ing  Committee. 

The r epor t s  are 

Ward D. Abbott, Excelco Developments, Incorporated. - A wr i t ten  r epor t  on 
t h e  motor case f a i l u r e  w a s  not  pre'sented by MI-. Abbott. I n  an informal d i s -  
cussion he expressed the  following opinions: 

(1) The amount of damage t h a t  occurred t o  t h e  motor case a t  f a i l u r e  w a s  
surpr is ing.  Hydrotests t h a t  have been conducted on smaller (120  in.  diam) 
tanks a t  higher pressures have r e su l t ed  i n  more s t r a i n  energy being present,  
bu t  t h e  f r a c t u r e  of these  tanks w a s  less severe. The severe damage t o  t h e  
260-inch-diameter motor case and the  appearance of t h e  f r a c t u r e  surfaces  ind i -  
ca t e  t h a t  t h e  mater ia l  i n  t h i s  case had been degraded t o  a much lower f r a c t u r e  
toughness. The many small fragments r e su l t i ng  from the  failure a r e  a l s o  an 
indica t ion  t h a t  t he  f r a c t u r e  toughness of the 260-inch-diameter case w a s  not  
t y p i c a l  of what t o  expect from 18 percent nickel  maraging steel. 

( 2 )  The submerged a r c  welding process hea t s  t h e  surrounding materials t o  
t h e  point  t h a t  mater ia l  p roper t ies  are degraded t o  a g rea t e r  extent  than with 

nechanical proper t ies .  "his condition i s  probably fu r the r  i r r i t a t e d  by having 
t o  use preheat with t h e  subarc welding process. 

r.l JuLbipass + TIG welding. The massive heat-affected zones c l e a r l y  ind ica te  poorer 

(3) Based on experience a t  Excelco with TIG welding, it i s  unl ike ly  t h a t  
r e s idua l  s t r e s s e s  i n  welds and heat-affected zones contr ibute  t o  crack growth. 
However, when welding with t h e  subarc method, considerable delayed cracking 
has been experienced t h a t  would ind ica te  t h a t  r e s i d u a l  stresses may be a con- 
t r i b u t i n g  f a c t o r  with t h i s  type of welding method. 

( 4 )  Although l imi ted  pas t  experience has no t  shown aging of maraging steel  
t o  increase de fec t  s i ze ,  nondestructive t e s t i n g  should be conducted a f t e r  aging 
as w e l l  as before  aging. At present  t h e r e  is no t  enough experience i n  t h e  use 
of 18 percent n i cke l  maraging steels t o  e l iminate  any of t h e  nondestructive 
t e s t i n g  cycles. 

(5) The techniques of nondestructive t e s t i n g  have been improved during t h e  
development of la rge ,  s o l i d  rocket  cases. Pr incipal ly ,  t h i s  improvement has 
been i n  the  f i e l d  of ul t rasonics .  All methods should be used i n  combination t o  
de t ec t  and i d e n t i f y  defects .  Briefly it i s  f e l t  t h a t  t h e  ind iv idua l  methods 
cont r ibu te  as  follows : 
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(a)  Dye penetrant :  Single  b e s t  method f o r  de tec t ing  surface defedts  
t h a t  are genera l ly  t h e  most dangerous 

(b)  Magnetic p a r t i c l e :  Good f o r  surface and immediate subsurface 
except i n  areas where heat-affected zone ( a u s t e n i t i c  l aye r )  may 
mask a defect ;  t h e  method would genera l ly  be used f o r  informa- 
t i o n  only t o  he lp  i d e n t i f y  a known defec t  

( e )  X-ray: Properly in t e rp re t ed  X-ray f i l m s  can be dependable f o r  
a l l  defec ts  except t i g h t  cracks not  p a r a l l e l  t o  t h e  exposure 
angle; a f t e r  such a defect  has been found (probably by u l t r a -  
sonics )  X-ray techniques can be used t o  v e r i f y  and def ine  

( d )  Ultrasonic:  The technique of t h e  operator i s  of utmost impor- 
tance; t h e  shear-wave technique i s  p a r t i c u l a r l y  good f o r  f ind-  
ing defec ts  i n  welds; longi tudina l  wave i s  p a r t i c u l a r l y  good f o r  
f ind ing  laminar defec ts  p a r a l l e l  t o  t h e  surface; i d e n t i f i c a t i o n  
of a defect  with u l t r a son ic s  i s  very poor; however, once de- 
t ec t ed  b y  u l t r a son ic s ,  t h e  defec t  can be  i d e n t i f i e d  readi ly  with 
X-ray 

Thomas H. Burns, Thiokol Chemical Corporation. - A f t e r  c a r e f u l  study of 
ava i lab le  f r a c t u r e  faces  and t h e  included chevron pa t t e rn  e x i s t e n t  i n  t h e  same, 
two possible  o r ig ins  of f a i l u r e  are designated: 

(1) The l i g h t  banana-shaped longi tudina l  i n t e r n a l  defec t  

( 2 )  The dark hea t - t in ted  t ransverse  crack 

Both these defec ts  were contained i n  the  W7/302 weld of t h e  a f t  cyl inder .  

Metal lurgical  observation of t h e  f r a c t u r e  faces  e x i s t e n t  b r i n g  f o r t h  t h e  
following comments : 

(1) The f r a c t u r e  progressed forward from the  b r i g h t  o r ig in  i n  e s s e n t i a l l y  
a duc t i l e  manner. 

( 2 )  The f r a c t u r e  p a t t e r n  w a s  not  a f f ec t ed  or a l t e r e d  by  weld areas, s l i c -  
ing  across them and continuing i n  t h e  parent  metal p la te .  

(3) Some f l a t  f r ac tu re  w a s  e x i s t e n t  i n  both  parent  metal and weld, b u t  
t h e r e  was l i t t l e  evidence of b r i t t l e n e s s .  Idea l i z ing  t h e  t ransverse  crack 
shape, a K-J-~ value has been ca lcu la ted  as 39 000 t o  47 000 p s i  
longi tudina l  defec t  has been ca lcu la ted  a t  43 900 t o  54 800 p s i  2. E Z E e r  of 
t hese  values are considerably lower than t h e  values previously determined 
fo r  subarc weld. This then r a i s e s  the  quest ion of 

K I ~  

(a)  The r e l i ance  of which may be placed i n  f r a c t u r e  toughness de t e r -  
minations made on panels containing symmetrical cracks 

(b)  The accuracy of assess ing  f r a c t u r e  toughness values from non- 
symmetric crack f r o n t  i n  a b u r s t  ves se l  
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( c )  The va r i a t ion  of KIC values across t h e  weld, fusion l i n e  and 
the  e f fec t  on KIc i n  areas  beneath repairs 

It should be remembered t h a t  t h e  KIC values f o r  submerged arc-welded 
panels have been adequately establ ished a t  58 000 t o  62 000 psi&, BUT t h a t  
v i r t u a l l y  a l l  f r ac tu re  toughness tes ts  have been conducted with t h e  f a t igue  
crack located i n  t h e  center of t he  weld bead surface. 
cance t o  note that t h e  
70 000 t o  75 000 psi&. . 
seemingly low KI- 
TIG repa i rs .  

- 
It i s  of fu r the r  s i g n i f i -  

K I ~  of t h e  T I G  repa i r  deposit  has been determined a t  
This then leaves unanswered t h e  reason f o r  t h e  

value of t h e  two defective areas ly ing  immediately below 

A cursory look has been taken a t  some of  t h e  requirements necessary t o  

Extrapolation of these loads from r e q u i s i t e  formulas 
The accelerat ion of t h e  

produce t h e  type of shear f a i l u r e  exhibited by 9 1  of t he  92 b o l t s  contained i n  
t h e  a f t  l i f t i n g  ring. 
pred ic t s  t h e  need f o r  a force of 1 million pounds. 
l i f t i n g  r i n g  required t o  produce t h i s  force  i s  estimated a t  71  g 's .  

A b r i e f  ana lys i s  w a s  made of the  crack extension force r e su l t an t  from re- 
lease of s t r a i n  energy contained i n  t h e  case a t  f a i lu re .  
r e s t r i c t e d  t o  none other  than crack extension, su f f i c i en t  force  w a s  ava i lab le  
t o  run  a crack 241 b i l l i o n  inches long. 
that enough energy w a s  ava i lab le  at  t h e  time of failure t o  produce t h e  catas-  
t rophic  failure mode exhibited by t h i s  case. 

If t h i s  energy w a s  

Therefore, it is e n t i r e l y  conceivable 

In s1mzt.ion of the  preceding points,  it can be conclucted t h a t  

(1) Ei ther  t h e  longi tudina l  l i g h t  defec t  or t h e  black t ransverse crack may 
be reasonably assumed t o  be t h e  locus of the  primary or ig in  of failure. 

( 2 )  No importance has been attached t o  other  locat ions of a secondary 
or ig in  of f a i lu re .  

( 3 )  Considerable s ignif icance should be attached t o  the  K I ~  values ex- 
t rapola ted  f o r  the  defect ive areas  when canpared with e i t h e r  t he  subarc weld 
deposi ts  cen ter l ine  or t h e  TIG r epa i r  deposits. 

(4) The f r ac tu re  faces  were considered normal fo r  maraging s teel  with such 
a f a i l u r e  mode exis tent .  

(5) Assessment should be made of t he  extremely high g loads necessary 
I t o  shear t h e  b o l t s  i n  t h e  a f t  l i f t i n g  ring. 

(6)  It i s  reasonable t o  expect t he  catastrophic failure mode exhibi ted by 
t h i s  case with the  release of t he  s tored energy available.  

Charles I?. Tiffany, The Boeing Company. - The ac tua l  inspection of t h e  
f a i l e d  motor case w a s  conducted by Joseph N. Masters of the  Boeing Company. He 
prepared t h e  consul tant ' s  repor t  f o r  t h e  f a i l u r e  committee i n  col laborat ion 
with Mr .  Tiffany. They reported t h e  following f indings:  
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(1) Fracture  pa t t e rns  and markings c l e a r l y  pointed t o  t h e  a f t  s h e l l  W7'/302 
weld as the  general  area of f a i l u r e  or ig in ,  and thus l i t t l e  t i m e  w a s  spent out-  . 
s ide  t h i s  area.  One general  comment i s  noted, however, only minute and i n t e r -  
mi t ten t  s p l i t s ,  as opposed t o  general  and gross delamination, were observed i n  
the  base metal f r ac tu res ,  and chevron markings were therefore  q u i t e  d i s t i n c t .  
Shear l i p s  occupied possibly less than 10 percent of the faces  of t h e  cy l ind r i -  
c a l  s h e l l  base metal. 

( 2 )  The f r ac tu re  paths through the  a f t  s h e l l  were as shown i n  f igu re  7. 
Two crack-l ike appearing 
The black o r ig in  i n t e r -  

The arrows depic t  f r ac tu re  propagation d i rec t ions .  
ind ica t ions  were found as de ta i l ed  i n  f igu re  7 (b ) .  
sected the outs ide surface a t  one l o c a l  a r ea  and was a uniform black color,  ap- 
parent ly  t i n t e d  from t h e  aging cycle. 
and w a s  only s l i g h t l y  d i f f e r e n t  i n  color  and t ex tu re  from t h e  surrounding m a -  
ter ia l .  

The clean o r ig in  w a s  t o t a l l y  embedded 

(3) A sho r t  l ength  of t he  f r a c t u r e  surface near t h e  clean or ig in ,  exh ib i t -  

Good c l ea r  in -  
ing  a general ly  square face,  displayed s igns of f r a c t u r e  markings emanating 
from the  midpoint of t he  crack and t r ave l ing  both fo re  and aft .  
d ica t ions  of f r a c t u r e  d i r ec t ion  between t h e  two o r ig ins  were not  present ,  ex- 
cept  f o r  those j u s t  noted adjacent  t o  t h e  clean or igin.  

( 4 )  Independent of these  observations, stress i n t e n s i t y  values KI can be 
calculated f o r  both defec ts ,  based on membrane s t r e s s e s  supplemented by possi-  
b l e  secondary s t r e s s e s  such as are discussed i n  A i r  Force cont rac t  AF 33(615)- 
1623 progress repor t s :  

( a )  X-ray d i f f r a c t i o n  measurements of r e s idua l  surface stresses were 
made by Boeing a t  severa l  locat ions on t h e  maraged center  s h e l l  subas- 
sembly. With few exceptions the  readings indicated a compressive s t r e s s  
general ly  i n  t h e  range of 50 000 ps i .  
panels gave similar r e s u l t s .  
deeper layers  of t h e  f l a t  panels exposed by  e lec t ropol i sh ing ,  it w a s  ap- 
parent t h a t  t h e  compressively s t r e s sed  l aye r  did not extend much deeper 
than 10 t o  15 m i l s ,  and t h a t  within the  measuring accuracy of +-lo 000 p s i ,  
s ign i f i can t  t e n s i l e  s t r e s s e s  were not observed. It w a s  considered, there-  
fore ,  t h a t  r e s idua l  s t r e s s e s  would not have s i g n i f i c a n t  e f f e c t s  on any bu t  
extremely shallow surface defects ,  and i n  t h a t  case t h e  e f f e c t  would gen- 
e r a l l y  be bene f i c i a l .  

Measurements made on flat-welded 
By tak ing  measurements on successively 

(b )  Considerable e f f o r t  i n  AF 33(615)-1623 has been devoted t o  the  
problems of design deviat ions (e .g . ,  weld s ink-in and mismatch). 
confidence i s  placed on the  Boeing Company analyses of girth-weld devia- 
t ions  because of inherent  s t i f f n e s s  of t he  compound curvatures involved. 
It has been f e l t  t h a t  these  analyses of gradual deviat ions of longi tudina l  
weldments were conservative and if  nonlinear def lec t ions  could be  ac-  
counted f o r ,  a c t u a l  e f f e c t s  might be  considerably l e s s  important than ca l -  
culated. 
260-inch-diameter motor case, possibly some b e t t e r  i n s igh t  might be  ob- 
tained. 
t h e  outs ide sur face  of t h e  W7/302 weld, 10 inches forward of W8/3 (Y-ring 
weld). 

Fa i r  

However, based on contour and s t r a i n  gage da ta  obtained on t h e  

One longi tudina l  and one t a n g e n t i a l  s t r a i n  gage were located on 

Reduced da ta  a t  500-psi hydrotest  pressure showed s t r e s s e s  of 
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45 200 and 77 300 ps i ,  respect ively,  and based on the  f i n a l  pressure of 
540 psi, t he  s t r e s ses  would become 48 800 and 83 500 psi. The Boeing 
Company analysis  of Y-ring discont inui ty  s t r e s s e s  shows t h a t ,  a t  t h i s  
same locat ion,  t h e  t o t a l  f i b e r  s t r e s ses  (a t  540 p s i )  without weldment 
deviat ions a r e  : 

Outer surface : 

0.19x1.3 e l l i p s e  
0.50 diameter penny 
0.50 radius  semicircle 

S 1  = 96 800 p s i  

In te rna l  27 500 
In te rna l  29 500 
Surface 48 000 

S2 = 55 550 psi 

Inner surface: 

S1 = 91  800 psi  

S2 = 38 950 psi  

where S1= hoop stress 

S2=long i tud ina l  stress 

If it i s  temporarily assumed t h a t  t h e  discrepancy between calculated and 
s t r a i n  gage measured stresses i s  a result of weld-contour deviations,  a 
deviation-induced bending s t r e s s  of 96 800 minus 83 500 psi, or about 
13 000 ps i ,  e x i s t s  ins ide  the  surface in tension. Contour readings obtained 
show an outward deviat ion (cusp) a t  a l l  places along the  W7/302 weld; this de- 
v i a t ion  averages about 0.06 inch (a t  the  weld center l ine)  outward when mea- 
sured a t  t he  neu t r a l  axis. 
0.06 inch cusp i s  abaut 30 p r c e n t  zf the values t h a t  can he calculated through 
the  use of l i n e a r  e l a s t i c  solut ions,  b u t  it compares favorably with a value of 
16  000 p s i  computed from an approximate nonlinear approach. A t  t h e  clean 
o r ig in  (36 in.  forward of t he  W8/3 Y-ring weld), t he  Y-ring d iscont inui ty  has 
been s u f f i c i e n t l y  washed out t o  be neglected. 
s t r e s s  a t  the  clean o r ig in  can be assumed t o  be t h e  membrane s t r e s s  ( 9 5  OOO p s i )  
plus o r  minus t h e  bending stress (13 000 ps i )  f o r  t h e  cusp. Using t h i s  as- 
sumed stress, and the  clean or ig in  f l a w  dimensions gives the  maximum applied 
s t r e s s  i n t e n s i t y  
o r ig in  precludes f i r m  stress i n t e n s i t y  expressions; however, some estimates are 
provided. The m a x i m  stress (51 500 p s i )  i s  obtained from t h e  longi tudina l  
membrane stress (47 500 p s i )  and t h e  longi tudinal  bending stress (4000 ps i ) .  
A t  this stress, KI values with var ied s implif ied f l a w  shapes are shown as 
follows : 

The 13 000-psi bending s t r e s s  assumed f o r  a 

Therefore, maximum hoop f i b e r  

of 55 000 p s i f i .  The i r r egu la r  shape of t h e  black 

TABLl3 N. - FLAW SHAPES 
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From tab le  I V  it i s  d i f f i c u l t  t o  imagine t h a t  t he  a c t u a l  applied KI a t  the'  
black or ig in  could be much g rea t e r  than 30 000 t o  40 000 psi+. 

( 5 )  The Boeing Company t e s t s  of subarc weld t e s t  p l a t e s  supplied by 
Newport News Shipbuilding and Dry Dock Company indica te  
face flaw specimens of approximately 55 000 p s i G  a t  y i e ld  s t rengths  of 
215 000 t o  220 000 psi .  

K I ~  values from sur- 

( 6 )  Conclusions 

( a )  Two possible f a i l u r e  or ig ins  were observed near t h e  W7/302 w e l d .  
The primary f a i l u r e  cause was a crack-l ike defec t  p a r a l l e l  t o  t h e  weld a t  
t h e  clean or igin.  Fa i lure  occurred when t h e  a l i e d  s t r e s s  i n t e n s i t y  
reached a c r i t i c a l  value of about 55 000 p s i z .  

( b )  S t resses  caused by contour deviat ions were present,  bu t  had l e s s  
than a 10-percent e f f e c t  on f a i l u r e  pressure.  Residual s t r e s ses  a re  not  
considered t o  be a s ign i f i can t  f a c t o r  i n  t h e  f a i l u r e .  

( c )  Had f a i l u r e  i n i t i a t e d  a t  the  black or ig in ,  the s t r a i g h t - l i n e  
f r ac tu re  p a r a l l e l  t o  W7/302 i s  unexplained; t he  f a c t  t h a t  t he  s t r a i g h t -  
l i n e  f r a c t u r e  l ined  up with the  clean o r ig in  would a l s o  be unexplained; 
t he  markings j u s t  forward of t he  clean or ig in  would have t o  be neglected; 
and t h e  c r i t i c a l  KI value f o r  t ransverse d i r ec t ions  of subarc weldments 
would have t o  be l e s s  than 40 000 psi&. 

Max L. W i l l i a m s ,  Jr., California  I n s t i t u t e  of Technology. - Based on per- 
sonal  inspection of t he  propel lant  case f a i l u r e  and study of r e l a t e d  aspects  of 
f r a c t u r e  mechanics: 

(1) It appears reasonable t o  conclude t h a t  t he  primary f r a c t u r e  occurred 
a t  t he  so-called clean or igin,  with the secondary f r a c t u r e  a t  t he  black o r ig in  
being t r iggered by the primary unloading wave. 

( 2 )  Evaluation of the  stress i n t e n s i t y  a t  the  primary f r a c t u r e  y ie lds  a 

It i s  not evident a p r i o r i ,  however, t h a t  a preexis t ing  (open) in -  
value of approximately 45 000 p s i 6  based on the f i n &  shape of the f r a c t u r e  
surface.  
t e r n a l  f l a w  w a s  present before the  f i n a l  loading cycle. 

(3) The predicted s t r e s s  ana lys i s  f o r  the rocket case i s  cons is ten t  with 
the  strain-gage measurements recorded during the  t e s t .  

It i s  recommended t h a t  

(1) The f i n a l  f r ac tu re  surface of the  clean o r ig in  be ca re fu l ly  examined 
t o  determine, i f  possible ,  whether t he re  w a s  an (open) preexis t ing  f l a w .  

( 2 )  Mechanical and physical p roper t ies  be determined i n  the  v i c i n i t y  of 
both clean and black or igins .  

(3) Castings be made of t h e  f r a c t u r e  surface of both or ig ins ,  so  t h a t  t he  
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three-dimensional geometries may be preserved for possible later discussion and 
analysis. 

(4) Consideration be given to a closer theoretical assessment of the 
stresses in the fracture vicinities, based on the actual final fracture-surface 
configurations. Recent advances in analytical procedures suggest this is prac- 
ticable, although not necessarily simple or rapidly obtained. 
large difference between the estimated stress intensity at failure 
(KI = 45 000 psi&) and the critical value (KJ-~ = 60 000 p s i G ) ,  one 
would like to verify that the apparent discrepancy is not a result of the ap- 
proximations in the analysis. If this point were established, one would then 
be in position to conclude that special circumstances such as residual stress 
or metallurgical deviations were present. 

Because of the 

- 
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APPENDIX D 

INVESTIGATIONS OF FACTORS SUSPECTED TO BE RELATED TO FAILURF: 

I n  order t o  be ce r t a in  t h a t  a l l  f ac to r s  which may have contr ibuted t o  the  
f a i l u r e  of the motor case were given adequate consideration, an inves t iga t ion  
was conducted by t h e  Thiokol Chemical Corporation t o  evaluate  a l l  conditions 
t h a t  could have possibly had an influence on t h e  f a i l u r e .  This inves t iga t ion  
included interviews with a l l  personnel associated with the hydrotest  and those 
t h a t  were nearby or witnessed the  f a i l u r e .  In  addi t ion,  analyses and inspec- 
t i o n s  were made subsequent t o  the  f a i l u r e  t o  determine the  possible  s i g n i f i -  
cance of f a c t o r s  t h a t  may have been r e l a t e d  t o  the  f a i l u r e .  The inves t iga t ion  
covered the  following f ac to r s :  

(1) Inves t iga t ion  of t he  s t r a i n  energy present  i n  the  case a t  t h e  time of 
f a i l u r e  t o  determine i f  it could account f o r  t he  extensive f r a c t u r e  damage t h a t  
occurred. 

( 2 )  Review of t h e  case design s t r e s s e s  and the  s t r e s ses  measured by s t r a i n  
gages during hydrotest  t o  determine if  they  were consis tent .  

(3) Determination i f  a possible  s t r u c t u r a l  f a i l w e  i n  the  hydrotest  tower 
or binding between the  t e s t  p i s ton  and t e s t  nozzle could have put  a load on 
the  motor case t h a t  would have contributed t o  f a i l u r e .  

( 4 )  Inves t iga t ion  of t he  p o s s i b i l i t y  that gas generation o r  an explosion 
could have i n i t i a t e d  f a i l u r e .  

A b r i e f  discussion of t he  interviews and t h e  inves t iga t ion  of each of t he  
preceding f ac to r s  follows: 

Interviews. - Forty-two people were interviewed t o  determine what they ob- 
served a t  the  time of t h e  f a i l u r e  and t o  determine i f  they knew of any f a c t o r s  
t h a t  may have influenced the  f a i l u r e .  The repor t s  from most people were qu i t e  
similar. There were no warnings or  ind ica t ions  t h a t  f a i l u r e  w a s  imminent 
e i t h e r  i n  any of t he  gage readings or audible noises.  The people t h a t  were 
reading pressure and s t r a i n  gages s t a t e d  t h a t  they were a l l  reading i n  a u n i -  
form manner up t o  the  i n s t a n t  of f a i l u r e .  

P r i o r  t o  pressurizat ion,  water w a s  b led  from the  t o p  of the  motor case 
through the t o p  pis ton t o  ensure t h a t  t he re  were no trapped gases within the  
case. The man who w a s  on t h e  t o p  of t h e  motor case observing the  bleeding w a s  
c e r t a i n  t h a t  a l l  a i r  w a s  vented from the  case. 

P r i o r  t o  t he  hydrotest  a chain f a l l  f e l l  and h i t  t he  case. Examination by 
severa l  people indicated t h a t  the  damage w a s  l imi ted  t o  abraded pa in t  and w a s  
of no significance r e l a t i v e  t o  hydrotest  f a i l u r e .  

S t ra in  energy i n  motor case. - A ca lcu la t ion  of t h e  t o t a l  s t r a i n  energy i n  
the  case a t  the  f a i l u r e  pressure showed it t o  be of the  order of 5X106 foot -  
pounds, which w a s  amply s u f f i c i e n t  t o  account fo r  the  extensive des t ruc t ion  
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t h a t  occurred a t  failure. It w a s  therefore  concluded t h a t  t h i s  extensive 
damage w a s  not  t he  r e s u l t  of some unusual and undiscovered phenomenon. 

S t r e s s  analysis .  - After hydrotest ,  an inves t iga t ion  was conducted t o  r e -  
examine t h e  case design and evaluate the  s t r a i n s  recorded during t e s t .  From 
t h i s  ana lys i s  it w a s  determined t h a t  i n  t h e  locat ions where s t r a i n s  were mea- 
sured the re  were no indicat ions of excessive s t r e s s e s  above those calculated 
from t h e  o r i g i n a l  design. A t  loca t ions  where out-of-contour occurred, t h e  mea- 
sured s t r a i n s  were s l i g h t l y  l e s s  than one-half t h a t  calculated from the  "warst 
condition" assumptions. The worst condition assumed t h a t  t h e  out-of-contour 
port ion of t h e  case took t h e  shape of a cusp. I n  t h e  a c t u a l  case, t h e  devia- 
t i o n s  from true contour were much less severe. It w a s  concluded from t h i s  in -  
ves t iga t ion  t h a t  t he re  was no apparent evidence t h a t  a design def ic iency 
exis ted.  

Hydrotest tower e f f ec t s .  - Some holddown b o l t s  on t h e  tower were found t o  
be  loose a f t e r  hydrotest ,  leading t o  t h e  suspicion t h a t  some overloads had been 
applied t o  the  tower. It w a s  speculated tha t  the  overload could have possibly 
r e su l t ed  from excessive binding of t h e  piston, producing an eccent r ic  load on 
the  motor case, or  t h a t  binding with a sudden re lease  could have produced 
dynamic loads. Inves t iga t ion  subsequent t o  hydrotest  shoved the  motor case t o  
be so  much s t i i f e r  than the  hydrotest  tower t h a t  loads imposed by  t h e  tower 
would be small. I n  addi t ion  the re  w a s  no concrete evidence of p i s ton  binding. 
A review of extensometer readings on p is ton  movement and comparison with calcu- 
l a t e d  movements indicated no abnormal movements of t he  case or  piston. 

Gzs generat.ion 01- e-qlnsinn.  - ConsiderztSon was given t o  gas generation 
within t h e  motor case by water e l e c t r o l y s i s  e i t h e r  by b a t t e r y  ac t ion  or  from a 
po ten t i a l  generated by e l ec t r i c - a rc  w e l d  repa i rs  t o  a bleed l i n e  on the  motor 
case. Consideration w a s  a l so  given t o  the  p o s s i b i l i t y  or ai explosion occur- 
r i n g  i n  the  space between the  motor case an?. t h e  t o ~ e r  enclosure as a r e s u l t  of 
propane leakage Trom some gas cyl inders  located a t  t he  s i t e  with t h e  rubber 
hoses terminat ing ins ide  t h e  enclosure. After a thorough ana lys i s  of t he  pos- 
s i b i l i t i e s  of gas generation and explosions, it w a s  concluded t h a t  ne i ther  w a s  
l i ke ly ,  and they  were not  s ign i f i can t  considerations i n  the  f a i l u r e .  

Conclusions. - A l l  areas  per t inent ,  or which could be suspect, t o  t h e  
cause of premature failure of t he  260-SL-1 rocket motor case have been observed 
and evaluated. The general  appearance of the extensive f r ac tu re  and damage r e -  
s u l t i n g  from hydroburst can be supported f r o m  t h e  standpoint of s tored s t r a i n  
energy ava i l ab le  a t  t h e  t i m e  of burs t .  It can be confirmed t h a t  t h e  case de- 
s ign w a s  s u f f i c i e n t  i n  d e t a i l  t o  e s t a b l i s h  the f a c t  t h a t  design s t r e s s e s  were 
not excessive and were not a contr ibut ing fac tor  i n  t h i s  failure. 

Rat ional  f r ac tu re  ana lys i s  appears t o  support t he  theory t h a t  t h e  o r ig in  of 
f a i l u r e  w a s  i n  t h e  area of t h e  b r i g h t  flaw and t h a t  t h i s  f l a w  w a s  of s u f f i c i e n t  
s i ze  t o  i n i t i a t e  rapid propagation even a t  the low average s t r e s s  l eve l s  demon- 
s t r a t e d  by strain-gage measurements. 
basis f o r  t he  suspicion t h a t  unusual phenomena of an ex terna l  causat ive nature  
may have contributed t o  t h e  premature fa i lure .  

There does not appear t o  be  any reasonable 
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Figure 3. - Locations of accelerometers and stress wave origins on 260-inch-diameter 
SL-1 motor case. 
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(b) Detail in immediate vicinity of primary and secondary origins. Inset sketches show 
shapes and dimensions of the two origins. 

Figure 7. - Concluded. 
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FLgure 9. - Mating surfaces of c lem n r i g i n  on X7/302 w e l d .  
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i L Outside s u r f a c e  

1 '  

Figure  10. - Mating s u r f a c e s  of b l a c k  o r i g i n  on W7/302 w e l d .  (Past of b l a c k  material  
has been removed from one s u r f a c e  f o r  a n a l y s i s . )  
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Figure 12.  - Isometric drawing showing r e l a t i o n  of b lack  o r ig in  t o  weld deposits.  
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Figure 14. - Plot  f o r  ca lcu la t ion  of KI for submerged 
e l l i p t i c a l  crack where cr i s  nominal stress a c t i n g  
across  crack. 

I 

Figure 15. - El l ip ses  used t o  ca l cu la t e  
Ki f o r  c lean or igin.  

I 

upper and lower bounds of 
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Figure 16. - Types of specimens used f o r  KIc bend tests. Widths and 
thicknesses shown a.re nominal. 
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( a )  Defect on same surface as transducer. 

LDefect 

(b)  Defect on surface opposite t o  transducer. 

Reflected wave ‘L Transmitted wave 

( e )  Defect submerged within plate. 

Figure 17. - Effect of defect location on de tec tab i l i ty  b y  
ultrasonic techniques. 
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Ins ide  su r face  

i I  
A B  

Ins ide  sur face  

Outside su r face  
B -3 

z-65-3363 
( a) Fragnent 2. 

Figure 20. - Photomacrographs o f  c lean  de fec t  region. x1.5. 
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n -B 

C-65-3070 
(b) Fragment 5. (Reduced 11 percent  i n  p r in t ing . )  

Figure 20. - Concluded. 
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(b)  Area 2. 

Figure 21. - Frac ture  p r o f i l e s  o f  c lean  de fec t  reg ion  
( sec t ion  B-B o f  fig. 20(a)). N i t a l  etchant. X230. 
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(a)  Area 1 of f i g u r e  20 (b) .  

Figure 22. - Fractograph of clean defect. x5000. 
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(b) Weld m e t a l  - area 2 of figure 2 0 ( b ) .  

Figure 22. - Continued. 
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( c )  Base p l a t e  - area 3 of f i g u r e  20 (b) .  

Figure 22. - Concluded. 
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Figure 23. - Repl ica t ion  e l ec t ron  micrograph of area near c lean defect .  
x12 000. 



Figure 24. - Replicat ion e l ec t ron  micrograph of region of base p l a t e  near  
subarc weld fusion zone i n  c lean de fec t  region. x10 000. 
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Figure 25. - Composite view of black defect region. Fragments 5, 6, and 8.  
X l .  5. 
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Figure 26. - Photomacrographs of b lack  de fec t  region ( see  f i g .  25) .  X1.5. 
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r -  F' -R-i -7,x-f !, . - Zrass-secziond views tkmugh black defect regia2 ( s e e  fig. 2 5 ) .  a. 5. 
(Re&xe?i 1 7  percent i n  p r iy t ing . )  
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( a )  Black de fec t  (from a rea  1, sec t ion  E-E, f i g .  2 7 ) .  

(b )  Away from black defec t  (base p l a t e ,  from a rea  2, 
sec t ion  E-E, f i g .  2 7 ) .  

Figure 28. - Frac ture  p r o f i l e s  of black de fec t  region. 
N i t a l  etchant.  ~ 2 0 0 .  
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( c )  From area i ( sec t ion  D-E, flg. 2 7 ) .  

(d) Fron area 2 (section D-D, fig. 2 7 ) .  

Figure 28. - Concluded. 
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(a)  Area 1 of f i g u r e  26. 

Figure 29. - Fractograph of black defect .  X5000. 
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(b) Area 2 of figure 26. 

Figure 29. - Continued. 
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( c )  Area 3 of figure 26. 

Figure 29. - Continued. 
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(d) Subasc weld - area 4 o f  f i g u r e  26. 

Figure 29. - Continued. 
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( e )  Base p l a t e  - a r e a  5 of f i g u r e  26. 

Figure 29. - Concluded. 
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Figure 30. - Repl i ea t lo5  e i e c t r 3 c  niersgra-oh o f  a r ea  near black defec t  ( K U  sz 
base p lz t s ) .  x10 ~ C O .  
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Figure 31. - Photomacrographs of f r a c t u r e  pa th  along weld W7/302 between clean 
and black defec ts .  x1.5. 
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(a)  Area 1 of f igure  31. 

(b) Area 2 of f igure  31. 

Figure 32. - Fracture  p r o f i l e s  of fracture along w e l d  
W7/302. x20G. 
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